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1. GENERAL INTRODUCTION 
1.1. Thesis Introduction 
Our work on chemically optimized fast ion conducting (FIC) glasses, such as Agl-
doped silver thioboro silicates, has shown that rather than attaining record-breaking high ionic 
conductivities as expected and needed for similar device performance gains, the ionic 
conductivity falls short of these expectations by nearly two to as much as three orders of 
magnitude because the conductivity exhibits a non-Arrhenius temperature dependence in the 
region of RT and above [1-3]. As shown in Figure (1-1) [2], this downwardly curving 
conductivity appears to produce a conductivity maximum of 10™2(Q cm)"1, a value seen 
before in compositional extrapolations. That the conductivity, independent of composition, 
appears to reach a saturating value of -10 2(Q-cm)_1 at RT, will have tremendous design 
implications for the multitude of electrochemical-energy based devices that are on the 
marketplace today and whose numbers are growing at an exponential rate. It is very 
important to explore the origins of this non-Arrhenius behavior. 
In this thesis, the relationship between the structure of a new class of FIC glasses, 
AgaS + B2S3 + GeSa, and the non-Arrhenius behavior of conductivity was investigated. This 
work used Raman spectroscopy, Infrared (IR) spectroscopy, Nuclear Magnetic Resonance 
(NMR), and neutron scattering in an attempt to elucidate the structure of these glasses. 
Neutron scattering studies of these chalcogenide glasses were used to determine their total 
correlation function from which detailed information about the short and intermediate range 
order of these glasses can be determined. Differential Scanning Calorimetry (DSC) and 
2 
Thermo Mechanical Analysis (TMA) were used to determine the thermal properties of these 
chalcogenide glasses. Impedance spectroscopy was used to determine the conductivity of the 
FIC glasses and explore the non-Arrhenius behavior at room temperature and above. 
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Figure (1-1) Arrhenius plots of the ionic conductivity for chemically optimized 
Agi + AgiS + B2S3 + Ge$2 glasses showing strong non-Arrhenius conductivity 
at higher temperatures [20] 
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1.2. Thesis Organization 
This thesis is divided into four sections. The first section includes a brief introduction 
to the non-Arrhenius behavior and the characterization techniques of the glasses that were 
used. The specific introductions to background information for each paper will also be given. 
The second section is a paper that discusses the glass forming range and structural 
characterization of the AgzS + B2S3 + GeSa ternary system. In this paper, the Archimedes' 
method was used to determine the densities of the ternary glasses. The thermal properties of 
these thioborogermanate glasses were studied by DSC and TMA. Raman, IR and NMR 
spectroscopies were used to explore the short-range order structure of the binary (Ag-B) and 
(Ag-Ge) and ternary (Ag-B-Ge) glasses. The results show the presence of bridging sulfur 
tetrahedral units, GeS^/2 and AgBS4/2, and trigonal units, BS3/2, in the ternary glasses. The 
NMR studies show that Ag2S goes into the GeS2 subnetwork before going to the B2S3 
subnetwork. In doing so, it is suggested that B10S20 supertetrahedra exist in AgzS + B2S3 and 
Ag2$ + B2S3 + Ge$2 glasses. From the spectra collected using IR, Raman and NMR, a 
structural model for these glasses has been developed and proposed. 
The third section of this thesis is a paper that investigates the short-range order 
structure and intermediate range order structure of these FIC glasses using neutron scattering. 
The total correlation functions, T(r), were fitted with gaussian functions and the bond length 
and coordination numbers of Ge-S, Ag-S and Ag-Ag correlations were determined. It is 
found that the Ag2S + B2S3 + GeSi glasses are composed of a B2S3 network containing 
[B10S186] superstructure and an over-doped GeS4/2 network. The existence of boron 
superstructure contributes to the high mobility and conductivity of Ag ions. The temperature 
and composition dependence of Ag-Ag correlations supports that Ag ion interaction is a 
4 
factor that cannot be ignored at relatively high temperature and could explain the origin of 
the non-Arrhenius behavior. 
The final section of this thesis is a paper that applies the ion trapping model (ITM) to 
explain the non-Arrhenius temperature dependence of the ionic conductivity. A distinct non-
Arrhenius deviation of FIC glasses is observed that causes the dc conductivity to be lower 
than the expected values. The deviation becomes more pronounced and occurs at lower 
temperatures as the amount of Agi is increased. It is found that the model is able to 
accurately reproduce the non-Arrhenius temperature dependence of the conductivity of these 
highly optimized FIC glasses. The model has only one independently adjustable parameter 
and it provides a physical picture of the cause of non-Arrhenius deviation. 
1.3. Thesis Background 
1.3.1. Theories of Ionic Conductivity 
The conductivity of a system is given by the sum of the contributions of all of the 
charged carriers. However, since in most glass systems transport is carried entirely by one 
species, the conductivity of the material is determined by those thermally activated modifier 
ions [4]. The ionic conductivity of these glasses is given by Eq. (1-1), 
< j  =  n - Z e - f j ,  (1-1) 
where n is the number of mobile cations, Z is the charge of the cation, e is the fundamental 
unit of charge, and |_i is mobility. 
1.3.1.1. Nernst-Einstein Equation 
The variation of the ionic conductivity with temperature and composition is crucial to 
understanding transport phenomena in both glasses and crystals [4]. The conductivity usually 
increases with increasing temperature in an Arrhenius manner due to the ionic nature of 
conduction in glasses. This process can be described by the Nernst-Einstein Equation, 
c n(Z • éf (1-2) 
where D is the diflusivity, kB is Boltzmann's constant, and T is temperature. 
The random walk model [5] for the thermally activated hopping process of diffusion 
yields the result for difiusivity, 
—AHr\ AiS rt 
D = --A2 -T = y-A2 -v0-ekb 'T • e kb (1-3) 
6 
where y is a geometrical constant describing the number of directions an ion can hop, A is 
the jump distance and F is the jump frequency which is strongly temperature dependent. v0 
is the hop attempt frequency, AHD is the enthalpy of diffusion and ASD is the entropy 
associated with ion dissociation and redistribution. According to the Nernst-Einstein 
equation, it is assumed that the activation energy for conduction is the same as activation 
energy for diffusion if the magnitude of the applied electrical field is relatively low [4]. Eq. 
(1-2) can be rewritten and gives Eq. (1-4) and Eq. (1-5), 
—AHn AS/) 





where AEA is the activation energy as determined from the slope of an Arrhenius plot and a0 
is defined as pre-exponent factor. An advantage of plotting conductivity data in an Arrhenius 
manner as shown in Fig. (1-2) is that the slope of the data is equal to the activation energy 
divided by Boltzman's constant. 
Examining Eq. (1-5) shows that the pre-exponent factor will only vary by one or two 
orders of magnitude as a function of composition. Therefore, large improvements to 
conductivity can only be made through modification of the activation energy, AEA. 
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Figure (1-2) Typical Arrhenius behavior exhibited by ionic conductivity [10] 
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1.3.1.2. Weak Electrolyte Model 
There are two possible sources of the activation energy of ionic conduction. One 
source is the energy barrier that an ion has to overcome in order to migrate through the glassy 
network ( AEs ); the other source is the energy barrier that a cation has to overcome to 
dissociate from the anions (AEb). The weak electrolyte model [6] assumes that glasses 
behave as weak electrolytes and therefore assumes that AEb is greater than AEs. The 
Anderson and Stuart (AS) [7] model assumes that both energy terms are important and AEs  
cannot be neglected. 
The weak electrolyte model suggests that a cation is free to migrate and conduct once 
it has dissociated away from its charge-compensating equilibrium site [6], The applicability 
of this model can be evaluated using the Debye-Huckel reciprocal length [4], 
V/2  
(1-6) k b - T  1 
EC, Z, e 2  
V I 
where is the high frequency permittivity, Go is the permittivity of free space, Q is the 
concentration of 1th ion, Zj is the valence of the ith ion. The Debye-Huckel theory can be used 
accurately when K"1 exceeds the inter-ionic separation. Therefore, this approach cannot be 
applied on these chemically optimized FIC glasses [4]. 
1.3.1.3. Anderson and Stuart Model 
The Anderson-Stuart [7] model is a structural model which describes the energy to 
impart a carrier population (AEC) as the coulombic energy (AEb) binding an ion to a particular 
8 
site and the migration activation energy (AEm) as the strain energy (AES) required to dilate the 
glass structure to allow an ion to hop from one site to another. An atomic-level representation 
of this model by Martin [8] is shown in Figure (1-3). The activation energy according to the 
AS model is 
AE„=A£„+AE6  (1-7) 
where the strain energy term is given as 
AES = 4x • G • rD(r - rD)2 (1-8) 
and the binding energy term is given as 
1 : 
r + r0 A 
(1-9) 
In these equations, G is the shear modulus of the glass and ro, r and ro are the 
interstitial window, the mobile cation, and the non-bridging anion radii, respectively; X is the 
average jump distance; Z and Zo are the charges on the mobile cation and the anion; and e is 
the charge of the electron. 
To make the AS model more realistic, improvements to the strain term have been 
proposed by McElfresh and Howitt [9] and is given by, 
(1-10) 
* 2 
Elliott [10] has pointed out that the AS model neglects specific polarization and repulsion 
terms and includes these terms in the overall coulomb potential. 
The physical and structural parameters necessary to verify the validity of the AS 
model and experimental methods for measuring these parameters are [11]: 
• AEact: determined from wide temperature range ionic conductivity measurements 
•  X :  approximated from NMR static linewidth measurements, or density measurements 
• G: determined from acoustic measurements 
• ro: the interstitial window radius determined from inert gas diffusion studies. 
NBS NBS 
% _ 
,  -_e_  
, v r  
r r 
Figure (1-3) Schematic representation of a possible potential energy surface for ion 
conduction in an FIC glass [16] 
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To test the validity of the Nerst-Einstein derivation for the pre-exponent term, the 
following additional parameters are needed: 
• Co: determined from wide temperature range ionic conductivity measurements 
• vo: determined from the Far-IR ion vibrational frequency 
• y: usually taken as approximately equal to 1/6. 
1.3.2. Models of Non-Arrhenius Behavior 
Several researchers have proposed possible explanations for the non-Arrhenius 
conductivity observed in a series of fast ion conducting glasses. Non-Arrhenius conductivity 
was first reported by Ingram et al. for a series of AgvLAsCU glasses [12]. They suggested that 
the non-Arrhenius deviation results from the "unfreezing" of the glass network and the onset 
of localized anionic motions, which may help mobile cations to migrate. 
Kincs and Martin [13] observed pronounced non-Arrhenius conductivity in the silver 
iodothioborosilicate system at room temperature or above. They suggested that this behavior 
may represent saturation effect of conductivity in a glassy system and can be explained based 
on ion scattering. Bunde and Maass [14] suggest that this behavior arises from coulombic 
interactions between the silver ions and the interaction effect set an upper bound for the 
conductivity at relatively high temperature. Nagi [15] has reported that his coupling model 
(CM) can interpret the data by suggesting that this behavior indicates an upper limit for the 
ionic conductivity in a glass. Macdonald [16] has developed the cutoff model (COM) that is 
closely related but is a simpler alternative to the coupling model (CM) and it avoids some 
limitations in CM approach. Both the CM and COM are theoretical simulations that are used 
11 
more to model the observed behavior than attempt to explain the origin of it. The remaining 
discussion on non-Arrhenius models will be a more detailed look into these models. 
1.3.2.1. Ngai Coupling Model 
It has been shown that in the discussion and analysis of electrical relaxation data it is 
important to distinguish between dielectric-system dispersive response (DSD) and 
conductive-system dispersive response (CSD), even though such a distinction is somewhat 
idealized and fails to capture the full complexity of all but the simplest processes. The 
coupling model was originally developed for dielectric polarization involving permanent 
dipoles or nonpercolating charged particles and thus applied to DSD situations [16]. This 
model involves two coupled response equations. The first one is applied at very short times 
and high frequencies and the second is for long times and low frequencies. A crucial 
assumption of the CM is that there exists a temperature-independent microscopic time, tc, 
before which the entities that contribute to the relaxation process are uncorrelated, so that 
interactions do not affect the dynamical relaxation process for shorter times. The ion hopping 
correlation function for t < tc is then given by 
C(t) = exp[-(f/ r0)] t<tc, (1-11) 
where 
to(T) - F® -exp (1-12) 
is the independent hopping relaxation time of an ion with attempt frequency tJ over its 
energy barrier Ea. Beyond tc, the effects of nonlinear classical mechanics between the ions 
12 
sets in and slows down the relaxation rate, and modifies the correlation function to assume 
the Kohlrausch's stretched exponential form, 
C(0 = exp[-(f/rj1_"] t > t c  (1-13) 
where n, lying within the bounds 0 < n  < 1, is a measure of the degree of slowing down and 
appropriately called the coupling parameter. The existence of the crossover time tc, the basic 
premise of the coupling model, has been confirmed by the high frequency ac conductivity 
measurement in FIC glasses [17]. Macdonald notes that for a conductive-system dispersive 
response (such as in a glassy FIC material) a pure stretched exponential is inappropriate. He 
suggests that Eq. (1-13) should be replaced with Eq. (1-14). The requirement of continuity of 
the correlation function at t = tc gives rise to Eq.(l-15). This equation is important because it 
has been used to explain many experimental facts such as the isotope mass dependence of the 
conductivity and the difference between NMR and conductivity relaxations [15]. 
C(0 = exp 
V, V~" / ^ \ 1—n z , \ 
V ro V 
t > t (1-14) 
= (?/" • • exp -AEa ( l - n ) - k b -  T  
(1-15) 
Equations (1-11) and (1-14) give the correlation function in two pieces. The formal 
expression for the correlation function, C(t), is given in Eq. (1-16). 
t 
C(t) = [ g(r)-e *dz (1-16) 
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From g(x), the average conductivity relaxation time (rv: ) can be calculated and the d.c. 
conductivity is given by Eq. (1-17), 
_ 
go ' _ go ' 
U dc 
W p • g(T)dr ^ 17^ 
where £•„ is the permittivity of free space and s0 is the dielectric constant of the material. At 
low temperatures, when the condition T0(T)» tc holds, exp(-f /r0) has suffered practically 
no decay up until t = tc. Hence, the decay of C(t) is carried out entirely by the Kohlrausch 
function of which gives (ra ) = [r(l / J3) / fi\ca, where /? = !-« and T is the T function, and 
Gàe 
" [r(l/yg)] r^(T) lfro(r)»^ (1"18) 
On the other hand, at sufficiently high temperatures when the condition r0 (T) < tc  
holds, most of the decay of C(t) is carried out by exp(-f / r0 ) for t <tc and 
i fT , (T)^^  (1_19)  
V ) 
The activation energies of crdc at high and low temperatures are, from Eqs. (1-12), (1-
15), (1-18), (1-19), AEA and AEÀ /(I - n) , respectively. Macdonald notes that although 
equations (1-11) and (1-14) lead to the same result at t = tc, it is clear that there will be a 
discontinuity in the slope at this point. This discontinuity is a result of the piecewise 
construction of the relaxation function. A complete satisfactory treatment would presumable 
be continuous in all derivatives [16]. 
1.3.2.2. Cut-Off Model 
Although many empirical or semiempirical frequency-response models that are 
associated with a continuous Distribution of Relaxation Times (DRT), such as those of 
Davidson and Cole [18] and the stretched exponential, involve a physically realizable low-
frequency response, their high-frequency behavior is not necessarily limited by a smallest 
nonzero response time. For example, both the Davidson and Cole and KWW models lead to 
a high-frequency-limiting power-law frequency response involving & oc co^, where 
0 < £ < 1. Thus, the —» oo limit of the corresponding conductivities is infinite. Physical 
boundary conditions require, however, that any response must involve a shortest nonzero 
response time, here defined as rc, and a longest non-infinite one. A hierarchy of processes is 
present in any given real material and each process will involve such limits. Here we 
consider only those limiting response times appropriate for small-signal electrical 
relaxation/dispersion and omit such contributors to the response as phonons [16,17], 
The problem of the nonphysical limiting high-frequency or short-time response is 
sidestepped in the CM by its assumption of an abrupt transition from KWW behavior to the 
same result in a smoother and simpler fashion by cutting off a DRT (or distribution of 
relaxation times) at some nonzero small value of r, rmin, which is here equated to rc. This 
treatment produces a smooth transition from the low temperature behavior to the high 
temperature behavior avoiding the problem of the coupling model. The cutoff model defines 
Ui as an un-normalized measure or model quantity (conductivity in this case) of interest. It is 
then mathematically convenient to define the normalized form of Ui as Ii in terms of a 
distribution of relaxation times, g,(r), as given in Eq. (1-20), 
15 
/.(n) = c.(")-^.(°°) = r G.w 
C/, (0) - ^  (oo) Jo 1 + i.Q.jc I ^ = £»i+iGn(%->dHx) (1_20) 
where x is r / rk, rk is a characteristic response time, O is rk times the frequency, and 
Gi(x) is rkgn{t) . In order to achieve the appropriate cutoff, one needs an available G(x) 
expression that is defined over the full range of x. The integration can then be performed by 
replacing one or more of the integration limits of Eq. (1-20) with finite, nonzero values [16]. 
The CM and COM approaches have the virtue that its underlying theory is very 
general, yielding the possibility of widespread applicability, but the concomitant defect that 
such generality does not include a detailed description and analysis of specific processes and 
quantities involved in the actual response of the system. 
1.3.2.3. Distribution of Activation Energies Model 
The distribution of activation energies (DAE) model assumes that there is an energy 
profile in the host glass where the conducting cations reside in potential energy wells. The 
energy barrier for conduction includes two parts, a coulombic interaction between the cation 
and the non-bridging sulfur, and a strain energy that an ion must overcome to migrate 
through openings in the structure in order to hop to the next site. An extension of this model 
is to treat the ions as residing in sites that are randomly distributed throughout the glass and 
they are expected to have variations in the bond distances and bond angles. This assumption 
will give rise to a DAEs for ionic conduction [19,20], Figure (1-4) shows the landscape of a 
DAE in glasses. The DAE is assumed to have a Gaussian distribution and the corresponding 
equation is given by, 
16 
^ NMR ( Ea ) 
V^AE 
exp (AE^-AEj  
2AEt 
(1-21) 
where AEb is the standard deviation of the activation energy, AEm is the mean activation 
energy. The value of AEm and AEb can be determined by performing NMR experiments on 
the glass samples. 
Thermally activated ions 
Distance 
Figure (1-4) Landscape of energy barriers in glasses 
1.3.3. Principles of Neutron Scattering 
Neutron scattering is a powerful method for investigating the static and dynamic 
properties of materials in many fields of science. Combined with x-ray scattering, a very 
17 
large range of momentum and energy transfer can be covered due to the high 
complementarity of both techniques. The unique characteristics of neutrons that cannot be 
achieved by any other technique, can be summarized as follows [21]: 
• The neutron interacts with the atomic nucleus, and not with the electrons as x-rays do. 
This has important consequences: a) the response of neutrons from light atoms such 
as hydrogen or oxygen is much higher than for x-rays, b) neutrons can easily 
distinguish atoms of comparable atomic number, c) neutrons distinguish isotopes: For 
example, deuteration of macromolecules allows to focus on specific aspects of their 
atomic arrangement or their motion. 
• For the same wavelength as hard x-rays, the neutron energy is much lower and 
comparable to the energy of elementary excitations in matter. Therefore, neutrons do 
not only allow the determination of the "static average" chemical structure, but also 
the investigation of the dynamic properties of the atomic arrangements that are 
directly related to the physical properties of materials. 
• The neutron is rather weakly interacting with matter due to its neutrality, which 
means that there is almost no radiation damage to living objects under study. Also, 
the rather weak interaction with matter enables a large penetration depth and therefore 
the bulk properties of matter can be studied. This is also important for the 
investigation of materials under extreme conditions such as very low and high 
temperature, high pressure, high magnetic and electric fields, etc. 
• The neutron carries a magnetic moment that makes it an exceptional probe for the 
investigation of magnetic structures and magnetic properties. 
18 
The major disadvantage of the technique is the poor availability. For the production 
of neutrons large-scale facilities are required and the technique is thus very expensive and the 
beam time is limited. The weak interaction of neutrons with matter is also a cause of 
problems since large amounts of sample, compared to other techniques, are needed [22]. 
1.3.3.1 Interaction of Neutrons with Condensed Matter 
The interaction between a neutron and an atom has two major contributions; nuclear 
interaction and magnetic interaction. We will focus on the nuclear interaction since magnetic 
properties of these glasses will not be studied in this work. The strength of the nuclear 
interaction is known as the scattering length b, and depends on the interaction between the 
neutron and the components of the atom nucleus. The scattering length varies in a random 
manner not only between the atomic elements but also between isotopes of the same element. 
The variation of b with isotopes is used in isotope-substitution experiments, where the cross 
section of the sample is tailored in such way that the correlation involving a particular 
element can be studied [22]. 
The total scattering CTs from a particular element is given by 
where the brackets represents an average over the different isotopes. In addition to scattering 
there is also a certain probability for neutron absorption in the material. For low neutron 
energies, i.e. far from resonance, the absorption approximately follows [23] 
(1-22) 
1  1  A  
a a oc — oc -—- = — 
v |*0| 2 n (1-23) 
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i.e. the absorption is proportional to the neutron wavelength. The tabulated values for aa are 
generally for neutrons with X =1.8 Â and Eq. (1-23) can be used to make an estimation of 




Figure (1-5) Geometry for a scattering experiment. A plane wave of neutrons that 
propagates along the z-direction is scattered by the sample into a solid angle dQ [20]. 
The principle of the scattering of particles by a sample is the same for most kinds of 
radiation. The geometry of a scattering experiment is shown in Fig. (1-5). Incident particles 
(neutrons, photons, etc.) having a wavevector kt and a flux F (particle per cm2 and s) are 
scattered by the sample into the element of solid angle dCl = sin QdQdO. The number of 
particles scattered per second into dQ with wavevector kf is given by 
20 
/[s"1]- F[cm-2s~ l](—)[cm2]dQ. (1-24) 
dO. 
where is the differential cross-section with the dimension of an area. 
dQ, 
Suppose that the detector measures also the energy of the scattered particles, then the 
partial differential cross section 
dQdE f  (1-25) 
is measured. It provides the number of particles that are scattered into dQ. having an energy 
between Ef and Ef + dEf. The total cross section is given by 
d a 
dQdE f  j 
(1-26) 
Because of conservation of momentum and energy, the momentum HQ 
Q = k, ~ kf (1-27) 
and the energy 
hco = Ei-Ef=^-(kf-k2f) (1-28) 
are transferred to the sample. Q is defined as the scattering vector. Elastic scattering 
(Ei = Ef <-> \k\ = \kf | ) provides information about the position of the atoms or the size and 
distribution of inhomogeneities in a sample (Figure (1-6)). Inelastic scattering ( \k t  |  ^  \k f  | ) 
provides information about the time and frequency dependent properties of the sample. If 
Et > Ef, the neutrons transfer an energy fico (Stokes process) to the sample and vice verse 
(anti-Stokes process) thus creating or annihilating an excitation, respectively. The scattering 
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vector Q is usually decomposed into Q  - T  +  Q ,  where the reciprocal lattice vector r reflects 
the periodicity of the lattice and q is the wavevector of the excitation (Figure (1 -6b)). In this 
work, elastic neutron scattering experiments were performed using GLAD at IPNS to 
determine the bond lengths and coordination numbers in the silver thioborogermanate 
glasses. 
Q=t 
Figure (1-6) (a) The reciprocal space for a quadratic lattice for elastic scattering |&,| = 
the condition5 = ris known as Bragg's law. (b) For inelastic scattering |kt| ^  \kf\. In a 
periodic lattice the scattering vector Q is usually decomposed into a reciprocal lattice 
vector x and the wavevector q of the excitation. The lines indicate zone boundaries and the 
points indicate zone centers. Inelasticity deforms the scattering triangle significantly [20]. 
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1.3.3.2. Principle of Neutron Scattering Data Analysis 
An amorphous material differs from its crystalline counterpart because it does not 
possess long-range order (LRO). The elimination of LRO is caused by small variations in 
bond lengths (~1%) and bond angles (-10%) [24]. However, a covalently bonded amorphous 
solid still has a very high degree of local ordering. The investigation of SRO and IRO 
structure of amorphous or glassy materials using neutron scattering is very important to 
understand the properties of these materials. Some principles of neutron scattering data 
analysis are given in the following section. 
The measured distinct scattering function i(Q) can be directly transformed to the 
Faber-Ziman structure factor, S(Q) by 
1) (i-29) 
where b; is the scattering length of element i weighted by its mole-fraction Ci, and the bracket 
denotes an average over all elements. 
Glasses do not possess long-range order, so it is conventional to express their 
structure in terms of distribution functions obtained from the Fourier transform of their 
structure factors. Several real space functions such as the differential correlation function 
D(r), the reduced radial distribution function G(r), and the total correlation function T(r) 
could be obtained as following [25]: 
D(r) = (6)'(7(jr)== T(r) - % = -jTg - [%) -ijsingr dg (1-30) 
n J0 
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where T0=47rp°(b)2 and p° is the average density. In multi-component systems, 
(b) = xibi, where x, and b; are the concentration and scattering length of atomic species 
i, respectively. In addition, G(r) is a sum of the weighted partial radial distribution function 
G:j(r). 
G(r) = (1-31) 
V 




Among these real-space functions, D(r) can be used for isotopic-substitution analyses 
and T(r) has the advantage of being convenient for observing symmetries and broadenings of 
peaks. Moreover, integration of the area under peaks in rT(r) gives the coordination number 
[25]. 
1.3.4. Data Analysis of Neutron Scattering 
All the data were analyzed by remotely accessing the computer of IPNS that provides 
the users with Genie system and ATLAS package [26,27,28]. Figure (1-7) shows the flow 
chart of data analysis. 
1.3.4.1. COPYSMUG 
GLAD is the computer that collects neutron scattering data and SMUG is the 
computer that is used to analyze the data. The command of transferring data from GLAD to 
SMUG is 'copysmug' and we can check if the files have been copied by typing DIR 




























Figure (1-7) Flow chart of neutron scattering data analysis 
1.3.4.2. CRUNCH 
A copy of CRUNCH.COM has to be put in the user directory and be edited with the 
'edt' command. Then we need to type 'subm crunch.com' to convert the data into the format 
that can be readily digested by Genie. CRUNCH includes three programs as following: a) 
REDUCE; b) GNORM and c) GMON. The function of REDUCE includes elimination of bad 
detectors, corrections for dead time and delayed neutron fraction, combination of detector 
subgroups sharing the same scattering angle into groups, conversion of time-of-flight into 
wavelength, corrections for detector efficiency, normalization to the incident beam monitor 
spectrum. The function GNORM is to combine the 100 to 200 data groups produced by 
REDUCE into a smaller number of groups and convert the data into normalized counts 
versus wave vector, Q. The function of GMON is to convert the monitor data created by 
REDUCE into a format more easily digested by Genie. 
1.3.4.3. MUT and CROSS 
The function of MUT is to generate a synthetic total cross section (.MUT) file for a 
sample. MUT should be run for the glass sample, vanadium container and vanadium rod. The 
chemical composition, isotopic proportion of glass samples and wavelength increments are 
required as input for running this program. Extreme fine wavelength gird is not 
recommended because it would slow down the calculation significantly when we run 
CORAL. CROSS can be run on the data of glass samples to obtain more detailed information 
of the scattering properties that is required in CORAL. 
26 
1.3.4.4. CORAL and VANCOR 
The fonction of CORAL is to generate files containing values of parameters used to 
correct for sample absorption and multiple scattering. The corrections are applied in the 
routine VANCOR and ANALYSE later on. VANCOR is the program that applies corrections 
calculated by CORAL to a vanadium run and then smoothes the data. CORAL is run under 
the prompt of analysis and VANCOR is run in Genie. 
1.3.4.5. ANALYSE 
The fonction of ANALYSE includes the following steps: a) subtract the instrument 
background from container scattering; b) normalize it to the vanadium spectrum; c) correct it 
for absorption and multiple scattering; d) subtract this from the scattering for the sample run; 
e) normalize the sample scattering and write the result to a file. 
Calibration constant is required for running ANALYSE and can be calculated as 
following, 
CC = ^ * % (1-33) 
The effective density can be obtained from the output of CROSS and the volume of the 
sample can be determined based on the size of the vanadium container. 
1.3.4.6. PLATOM 
The function of PLATOM is used to calculate the self-scattering expected from the 
sample for each detector groups and to compare it with the measured scattering. A file of 
correction factors can be created for input to INTERFERE if it is desired. The input required 
for PLATOM includes the mole fraction of the elements in the sample, their atomic masses, 
and their total scattering cross-section (coherent and incoherent), and the temperature at 
which the experiment was performed. Some of the above information can be obtained by the 
output of running CROSS. 
It was found that there was 1 to 2% hydrogen in the glass sample due to the 
hygroscopic character of B2S3 and this should be taken into account since hydrogen has a 
large incoherent scattering cross section. Hydrogen was taken as a component and included 
in the self-scattering correction from the sample for each detector group when we run 
PLATOM. 
1.3.4.7. INTERFERE 
The function of INTERFERE is to subtract the self-scattering corrections calculated 
by PLATOM from the differential cross-sections generated by ANALYSE. Before running 
INTERFERE, it is necessary to take a look at the DCS files (output of running ANALYSE) 
and SLF files (output of running PLATOM). The calibration constant should be adjusted to 
make the intensity of 19th DCS file consistent with the intensity of 19th SLF file at very high 
Q if they don't. ANALYSE can be rerun to generate a new DCS file that agrees with the SLF 
file. This correction is complicated by the need to handle the hydrogen contamination 
problem. 
1.3.4.8. MAKERES / MAKELIM / FLUX / COMBINE 
The function of MAKERES is to use the measured resolution function for GLAD to 
ensure that the resolution is no worse than the value specified by the user. The desired 
resolution for amorphous samples is 0.2-0.3. The function of MAKELIM is to create an 
ASCII file containing the values of Q corresponding to the limits for each group. FLUX is 
applied to create a file in which each spectrum reflects the incident flux of an idealized 
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isotropic incoherent scatterer seen at the same position. The monitor spectrum is rebinned to 
the scattering angle of each group and multiplied by the smoothed, corrected vanadium data 
for the group. FLUX has to be run to accurately analyze GLAD data. The function of 
COMBINE is to combine DCS files into a single spectrum by weighting each Q channel of 
each input spectrum by the absolute flux from an isotropic incoherent scatterer measured at 
the same position. 
Silver has severe neutron absorption at certain neutron energies corresponding to 
nuclear resonance. The portions affected by the resonance are identified and eliminated for 
every group using MAKELIM. 
1.3.4.9. FZSO and FTR 
FZSQ converts distinct scattering data produced by COMBINE into a Faber-Ziman 
structure factor. FTR calculates the real-space transforms of the Faber-Ziman structure factor 
S(Q) and writes them to a Genie-compatible file. A complication is that we cannot run FZSQ 
since hydrogen is taken as one component in glass samples when running PLATOM. 
Therefore, the structure factor S(Q) should be calculated manually in the following way: 
W2= ^ ^ —  ( 1 - 3 4 )  
2  BCCS!An BCCS / An 
fP, = PK, +1 = %) (1-35) 
where BCCS is the bound coherent cross-section per scattering unit. IOQ file is loaded in Wi 
space and calculated according to the above equations. The data in the W3 workspace is 
written into a file and taken as the SOQ data. 
Real space functions can be obtained from the Fourier transformation of structure 
factor S(Q) using FTR. Real space functions includes the differential correlation function 
D(r), the reduced radial distribution function G(r), and the total correlation function T(r). 
The relationship of these distribution functions is given as [4]: 
D(r) = (6)'G(r) = T(r)= AjJ'g [%) -l]singr dg (1-36) 
where T0 = An:p0{b)2 and p° is the average density. In a multi component material, the 
average scattering length can be determined using (b) = xibi, where Xj and bj are the 
concentration and scattering length of atomic species i, respectively. 
1.4. Experimental Methods 
1.4.1. Sample Preparation 
Ternary Ag2$ + B2S3 + GeSa glasses were prepared from high purity Ag%S, B2S3 and 
GeS2 starting materials using a bulk melt and quenching technique. Ag2$ was purchased 
commercially (Cerac, 99.9%). The procedure for synthesizing high purity V-B2S3 has been 
previously described by Martin and Bloyer [29]. Stoichiometric amounts of amorphous boron 
(Cerac, 99.9%) and elemental sulfur (Cerac, 99.999%) were heated while rotated at an angle 
in evacuated carbon-coated silica tubes. The tubes were coated with pyrolytic graphite by the 
thermal decomposition of acetone at 950°C to prevent oxygen contamination from the silica 
tube. The preparation of the GeS2 was performed using the similar technique at 900 °C 
without carbon coating. 
Once high purity B2S3 and Ge$2 were obtained, they were used as batch materials for 
the preparation of the silver sulfide modified glasses. Stoichiometric amounts of GeS2, B2S3 
and AgzS were mixed and then placed in a covered vitreous carbon crucible and heated for 
10 min at 650°C using a mullite tube furnace attached hermetically to the side of a high 
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quality oxygen- (< lppm O2) and water-free (< 2ppm H2O) glove box. Melting at higher 
temperatures was avoided due to GeS2 vaporization. The melts were quenched using a brass 
mold. The B2S3 + Ge$2 binary glasses were prepared in evacuated carbon coated silica tubes 
at 850°C to prevent the evaporation of Ge&2. 
1.4.2. Sample Characterization 
1.4.2.1. Density Measurements 
The densities of the glasses were measured using the Archimedes' method in dried 
kerosene as the immersion fluid inside the glove box. The equation used to calculate the 
density of a sample is given by 
A = i^ iT 'A (t-37)  
in which pL is the density of the suspending liquid (kerosene), Wa is the weight of the 
sample in air, and IV, is the weight of the sample suspended in the liquid. 
1.4.2.2. Differential Scanning Calorimetrv and Thermomechanical Analysis 
Differential scanning calorimetry (DSC) measures the temperatures and heat flows 
that are associated with transitions in materials as a fonction of time and temperature in a 
controlled atmosphere. The measurements provide quantitative and qualitative information 
about physical and chemical changes that involve endothermic or exothermic processes, or 
changes in heat capacity. 
The differential scanning calorimeter that used for this study is a Perkin-Elmer Pyris 
1 DSC running Pyris software version 3.01. The glass transition and crystallization 
temperatures were determined on DSC scans and a heating rate of 10 °C/min from 50 to 500 
°C was used. The measurements were carried out using powder samples in a hermetically 
sealed aluminum pan. 
Thermomechanical analysis (TMA) can be used to measure dimensional and 
viscoelastic changes in nearly all types of sample materials as a fonction of temperature or 
time. Typical applications of the TMA include coefficient of expansion studies, softening 
point determinations, fiber and thin film studies, and glass transition determinations. The 
thermal expansion coefficients of the silver thioborogermanate glasses were studied by 
Perkin-Elmer TMA-7 using bulk samples of 1~2 mm thick. The temperature range in these 
experiments was from 50 to 400 °C and the heating rate was 10 °C/min. 
1.4.2.3. Nuclear Magnetic Resonance 
nB nuclear magnetic resonance (NMR) has been used as a structural probe in 
chalcogenide glasses. The UB response is sensitive to differences between borons in trigonal 
and tetrahedral coordination. An nB nucleus in a highly symmetric environment, a 
tetrahedrally coordinated boron, for example, gives rise to a single peak centered at the 
operating frequency of the spectrometer. This type of response is typical of highly symmetric 
sites, which exhibit almost no quadrupolar broadening. On the other hand, an nB nucleus in a 
trigonal environment, which is axially symmetric, has a quadrupolar broadened response. 
The NMR experiments were performed at a resonance frequency of 64.18MHz on a 
home built phase-coherent NMR spectrometer. The UB (1=3/2) NMR spectra were obtained 
by taking complex Fourier transform of FID (Free Induction Decay). The pulse sequence 
used was a singe ti/8 pulse with acquisition of FID immediately following the rf pulse. 
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1.4.2.4. Infrared and Raman Spectroscopy 
The infrared region of the electromagnetic spectrum covers from frequencies just 
below visible frequencies to just above the highest microwave and radar frequencies. 
Common infrared spectrometers operate in the middle of this region, from 2.5 jxm to 25 jxm. 
Although infrared photons do not have enough energy to cause electronic transitions, they 
can cause groups of atoms to vibrate with respect to the bonds that connect them. Like 
electronic transitions, these vibrational transitions correspond to distinct energies, and 
molecules absorb infrared radiation only at certain wavelengths and frequencies. This allows 
for the unique identification and assignment of infrared absorption peaks [30]. 
The Far-infrared spectra were taken using a FT-IR spectrometer (BioRad FTS-40V) 
in the range of 18-680cm"'. The fine glass powders dispersed in paraffin and spread on a 
polyethylene sheet. Spectra were produced using 2 cm"1 resolution and 100 scans. DTGS was 
used as a detector in this experiment. The Mid-infrared spectra were taken using a FT-IR 
spectrometer (BioRad FTS-40) in the range of 4000-400 cm"1. The glass powders were mixed 
with potassium bromide and prepared as the pellets with high IR transmission. Spectra were 
produced using 2 cm"1 resolution and 32 scans. The optical bench was purged with dry 
nitrogen. The full-range IR spectra of ternary glasses were obtained by combining the FIR 
and Mid-IR spectra of the glasses. 
A Bruker RFS 200/S FT-Raman Spectrometer was used to collect the Raman spectra. 
It employed an Nd:YAG Laser operating at 1064 nm as the excitation source. This 
instrument has a useful Stokes shift Spectral range of 120 - 3600 cm"1. A backscattering 
geometry and a liquid nitrogen cooled Ge detector were employed. 
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1.4.2.5. Neutron Scattering 
Neutron scattering studies of these chalcogenide glasses can be used to determine 
their total correlation function and the partial reduced Radial Distribution Functions (RDFs) 
from which detailed information about the short and intermediate range order of these glasses 
can be determined. It is especially important to determine if preferred low energy conduction 
pathways are formed in these glasses that, while assisting in the conduction process, can also 
become congested at elevated temperature with large numbers of very mobile cations and as 
a result lead to a decreasing conductivity with temperature. 
Neutron scattering experiments were performed on powdered AgaS + £$"283 + GeS2 
glasses at 100K and 300K using the GLAD in Argonne National Laboratory. All the glass 
samples were sealed in vanadium cans under nitrogen because B2S3 is very sensitive to air 
and water. GLAD is a time-of-flight diffractometer optimised for structural measurements on 
glasses and liquids. More than 200 3He linear position-sensitive detectors (LPSDs) spanning 
a nearly continuous range of 2q from low to high angles ensure good statistics yet still 
acceptable Q resolution. The use of LPSDs permits GLAD to handle high data rates and to 
cover low scattering angles. Crossed converging so lier collimators focused on the forward 
detector bank collimate the thermal and epithermal neutrons used by GLAD. With this 
collimation scheme, the sample size does not contribute significantly to the resolution; so 
large samples can be used [31]. The downstream position will be used to increase count rates. 
The maximum value of momentum transfer, Qmax, for the downstream position is 
approximately 45 Â"1. 
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2.1. Abstract 
The glass forming range of the Ag^S + B2S3 + GeSa ternary system was investigated 
for the first time and a wide range of ternary glasses were obtained. The thermal properties of 
these thioborogermanate glasses were studied by DSC and TMA. The Raman, IR and NMR 
spectroscopy were used to explore the short-range order structure of the binary (Ag-B) and 
(Ag-Ge) and ternary (Ag-B-Ge) glasses. The results show the presence of bridging sulfur 
tetrahedral units, GeS^ and AgBS^, and trigonal units, BS3/2, in the ternary glasses. Non-
bridging sulfur units, AgSGeS3/2 and Ag3B3S3S3/2 six membered rings, are also observed in 
these glasses at higher Ag2S modification levels because the further addition of Ag2S results 
in the degradation of the bridging structures to form non-bridging structures. The Raman 
studies show that Ag2S goes into the GeS2 subnetwork to form pyrothiogermanate groups 
before going to the B2S3 subnetwork. In doing so, it is suggested that B10S20 supertetrahedra 
exist in AgaS + B2S3 and AgaS + B2S3 + GeS2 glasses. Significantly B-S-Ge bonds form in 
the B2S3 + GeSa glasses, whereas they appear to be absent in the ternary glasses. From these 
observations, a structural model for these glasses has been developed and proposed. 
1 Department of Materials Science & Engineering, Iowa State University, Ames, IA 50011 
2 Author to whom correspondence should be directed 
2.2. Introduction 
Germanium sulfide is an excellent glass former and plays an important role in the 
formation of thiogermanate glasses. GeSa gives a variety of glasses when it is incorporated 
with other sulfides [1]. In addition, binary AgaS + GeSa glasses are solid electrolytes with a 
high Ag+ ion conductivity at room temperature (a = 1.35 x 10 3(£lcm)"')[2-3]; their 
conductivity being significantly increased by the addition of a dopant salt such as Agi. The 
glass forming range of the AgaS + GeSa system was found to be from 0 to 55mol% of added 
silver sulfide. The structures of Agi S + GeSa glasses have been extensively studied by 
EXAFS [4-8], neutron diffraction [9-10], and IR and Raman spectroscopies [11]. Ge K-edge 
EXAFS studies have shown that the addition of AgaS induces a simultaneous 
depolymerization of edge- and corner-sharing tetrahedra, which compose the glassy GeSa (g-
GeSa) structure and an increase in the short range order structural distortion. For AgaS-doped 
glasses with AgaS > 30 mol%, the silver sites appear close to those of in the a-AgsGeSe 
crystalline phase. a-AggGeSe is made up of isolated GeS^ tetrahedra connected by silver 
atoms to make a three-dimensional framework [12]. Among the eight independent Ag atoms, 
three types of silver coordination by sulfur atoms are observed: three Ag atoms are in a 
highly distorted tetrahedral environments, four are threefold coordinated while the last one is 
almost linearly bounded to two S atoms. The Ge coordinations in this structure are shown in 
Table (2-1) [12]. For low AgaS contents (AgaS < 30 mol%), the silver environment in the 
glasses is similar to that found in (3-AgaS, which has a low average coordination number (2.5 
sulfur atoms). The IR and Raman spectra of xAgaS + (l-x)GeSa glasses show that the 
addition of AgaS induces the breaking of Ge-S-Ge bridges and the creation of non-bridging 
sulfur Ge-S" terminal bonds [11]. Germanium-sulfur tetrahedra with one Ge-S" bond (GeS" 
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S3/2) or two Ge-S" bonds (GeSz^'Si#) were found for AgaS contents in the range 0.3 < x < 0.5. 
This shows that AgaS behaves as a typical network modifier. 
The structure and glass forming range of binary AgaS + BaSs glasses have been 
studied by Burns et al. [13]. The glass forming range of the binary xAgaS + (l-x)BaS3 system 
was found to be from 30 to 56 mol% of added silver sulfide. The room temperature 
conductivity for the silver thioborate glass was reported to be 1.85 x 10 3(Clcm) 1, slightly 
higher than that of the thiogermanate glass [14]. The structure of the binary glasses changes 
with an increase in AgaS content as observed by a monotonie decrease in the fraction of 
tetrahedrally coordinated boron units AgBS^/a and an increase in the fraction of 
orthothioborate units, AgsBSs. 
Our work on chemically optimized fast ion conducting (FIC) glasses, such as Agl-
doped silver thioborosilicates, has shown that rather than attaining record-breaking high ionic 
conductivities as expected and needed for similar device performance gains, the ionic 
conductivity falls short of these expectations by nearly two to as much as three orders of 
magnitude because the conductivity exhibits a non-Arrhenius conductivity in the region of 
RT and above [15-17]. This downwardly curving conductivity appears to produce a 
conductivity maximum of 10~2(Qcm)_1, a value seen before in compositional extrapolations. 
That the conductivity, independent of composition, appears to reach a saturating value of 
~10™2(f2cm)™' at RT, will have tremendous design implications for the multitude of 
electrochemical-energy based devices that are on the marketplace today and whose numbers 
are growing at an exponential rate. It is very important to explore the origins of this non-
Arrhenius behavior. 
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An important complement to the measurements of the ion conduction dynamics in 
these optimized electrolytes are detailed studies of their structures. However, no 
investigations of the structures of Ag2S + B2S3 + GeSa glasses have been performed. The 
purpose of this work is to investigate the glass forming region, densities, Tg as well as the 
structures of these glasses as provided by Raman, IR and NMR spectroscopy of the silver 
thioborogermanate glasses. Studies of the ionic conductivities of these same glasses will be 
published separately. 
2.3. Experimental 
Ternary AgaS + BaSg + GeSa glasses were prepared from high purity AgaS, BaSs and 
GeSa starting materials using a bulk melt and quenching technique. AgaS was purchased 
commercially (Cerac, 99.9%). The procedure for synthesizing high purity v-B2Ss has been 
previously described by Martin and Bloyer [18]. Stoichiometric amounts of amorphous boron 
(Cerac, 99.9%) and elemental sulfur (Cerac, 99.999%) were heated while rotated at an angle 
in evacuated carbon-coated silica tubes. The tubes were coated with pyrolytic graphite by the 
thermal decomposition of acetone at 950°C to prevent oxygen contamination from the silica 
tube. The synthesis of the B2Ss was performed using the same heating profile described in 
[18]. The preparation of the GeSa was performed using the similar technique at 900 °C 
without carbon coating. 
Once high purity g-BaSg and g-GeSa were obtained, they were used as batch materials 
for the preparation of the AgaS-modified glasses. Stoichiometric amounts of AgaS, B2S3 and 
GeSa were mixed and then placed in a covered vitreous carbon crucible and heated for 10 
min at 650°C inside a mullite tube lined muffle furnace attached hermetically to the side of a 
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high quality oxygen- (< lppm Oa) and water-free (< 2ppm H2O) glove box. Melting at higher 
temperatures was avoided due to GeS2 vaporization. The melts were quenched using a brass 
mold. B2S3 + GeS2 binary glasses were prepared in evacuated carbon coated silica tubes at 
850°C to prevent the evaporation of Ge&2. 
The densities of the glasses were measured using the Archimedes' method in dried 
kerosene as the immersion fluid inside the glove box. The glass transition and crystallization 
temperatures were determined using a Perkin-Elmer Pyris 1 DSC instrument with a heating 
rate of 10 °C/min from 50 to 500 °C. The measurements were carried out on powder samples 
in a hermetically sealed aluminum pan. The thermal expansion coefficients of the silver 
thioborogermanate glasses were measured using Perkin-Elmer TMA-7 on bulk samples of 
1-2 mm thick. 
Raman spectra were obtained using the 1064-nm line of an Nd-YAG laser in a Bruker 
RFS 100/S FT-R Raman Spectrometer. A backscattering geometry and a liquid nitrogen 
cooled Ge detector were employed. The Far-infrared (FIR) spectra were taken using a FT-IR 
spectrometer (BioRad FTS-40V) in the range of 18 - 680 cm"1 in collaboration with Professor 
Takasuke Matsuo of the Osaka University. The fine glass powders were dispersed in paraffin 
and spread on a thin polyethylene sheet. Spectra were produced using 2 cm"1 resolution and 
100 scans. A DTGS detector and a metal mash beam-splitter were used. The Mid-infrared 
(MIR) spectra were taken using a FT-IR spectrometer (BioRad FTS-40) in the range of 4000-
400 cm"1. The glass powders were mixed with KBr and prepared as the pellets with high IR 
transmission. Spectra were produced using 2 cm"1 resolution and 32 scans. The optical bench 
was purged with dry nitrogen. The full-range IR spectra of ternary glasses were obtained by 
combining the FIR and MIR spectra of the glasses. 
The NMR experiments were performed at a resonance frequency of 64.18 MHz on a 
home built phase-coherent NMR spectrometer. The UB (1=3/2) NMR spectra were obtained 
by taking complex Fourier transform of FID (Free Induction Decay). The pulse sequence 
used was a singe tt/8 pulse with acquisition of FID immediately following the rf pulse. 
2.4. Results 
2.4.1. Glass Forming Ranges 
The glass-forming range of the Ag2S + B2S3 + GeSa system was determined and is 
shown in Figure (2-1). There were typically 2-8 wt.% losses during the glass preparation due 
to the open crucible technique we used. We presume that the main source of the weight loss 
from the melts was GeSa because the sublimation point of GeSa is 600°C and compositions 
higher in GeSa were observed to exhibit greater weight losses. The compositions of the melts 
were therefore recalculated based upon the weight loss of GeSa and are shown in the ternary 
diagram of glass forming range. In all cases, the change in composition was only slightly 
larger than the symbol size on the figure. The dashed line in Figure (2-1) indicates the glass 
forming range of the AgaS + BaSs + SiSa system, which is slightly smaller than that of AgaS 
+ BaSs + GeSa system [14]. Similarities between the glass forming range of these two 
systems likely arise because Ge and Si are in the same chemical series. 
The only other known AgaS + GeSa-based ternary glasses appear to be those in the 
AgaS + GaaSs + GeSa system and these are only glass forming in the GeSa-rich corner 
because a series of AgaS + GaaSs compounds form when the content of GeSa is low [19]. The 
glass forming range of the binary AgaS + GeSa system determined by Lee et al. [9] is also 
shown in Figure (2-1). The two known crystalline phases, c-AggGeSe and c-Ag6Bi0Si8, are 
shown in the Figure (2-1) as well. It is difficult to form glasses in the composition domain 
close to these compositions. These melts also crystallize rapidly near the AgaS-rich corner 
because AgaS acts as modifier in the glasses. Liquid-liquid phase separation was observed 
over quite a large range of the composition and this is presumably due to the different SRO 
structures of the B2S3 and GeSi phases. Interestingly though, homogeneous B2S3 + GeS2 
glasses could be prepared continuously between pure B2S3 and GeS2, as shown in Figure 
(2-1). IR and Raman studies (described below) show the existence of B-S-Ge bonds in these 
glasses and indicate that it is not just simple mechanical mixing between the GeS2 and B2S3 
glasses. 
2.4.2. Densities of Ag2S + B2S3+ GeS2 Glasses 
The measured densities of silver thioborogermanate glasses are listed in Table (2-2) 
and the composition dependence of the densities are shown in Figure (2-2). We have 
developed a model to calculate the densities of the binary thioborate and thiogermanate 
glasses based upon the fractions of the various SRO groups and the molar volumes of the 
individual groups as shown in Eq. (2-1). 
In Eq. (2-1), f represents the fraction of SRO groups, M, is the mass of that group and 
Vi is its molar volume. M(x) and V(x) are the average molar mass and molar volume, 
respectively. The individual molar volumes of the SRO groups were determined by best-
fitting Eq. (2-1) to the density data in the Ag2S + B2S3 and Ag2$ + GeS2 binary glasses, 
following a procedure developed by Martin [20] and Feller [21, 22]. The corresponding 
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results are shown in Table (2-3). Raman and NMR studies of the AgaS + B2S3 and Ag2S + 
GeSi system were used to determine the mole fraction of the SRO groups BS3/2, AgBSS2/2, 
Ag6BioSi8, GeS4/2, Ag2S2GeS2/2 and Ag3S3GeSi/2 in the ternary glasses [23]. The SRO group 
Ag3S3GeSi/2 was also used in the density calculation and the molar volume of this SRO 
group was obtained by the linear extrapolation of the molar volume versus the number of 
non-bridging sulfurs on the germanium SRO structure. 
As will be seen below, the Raman studies show that for the ternary glasses, Ag2S 
modifiers go into the GeS^/2 subnetwork to form GeS2/2S22" or GeSi/2S33" groups before going 
to the B2S3 network. Using the glass 0.35Ag2S + O.325B2S3 + 0.325GeS2 as an example, it 
can be rearranged as O.OôAggBioSig + O.O5BS3/2 + 0.185GeS4/2 + 0.07Ag3GeS3.5 + 
0.07Ag2GeS3. Additional SRO groups would be used when the silver fraction is high. For 
instance, the glass of 0.45Ag2S + 0.367B2S3 + 0.183GeS2 can be rearranged as 0.05Ag6BioSi8 
+ 0.235AgBS4/2+ 0.046Ag2GeS3 + 0.046GeS2+ 0.091 Ag3GeS3.5. 
In this way, Eq. (2-1) was used to calculate the densities of all the glasses. The 
comparison of calculated densities are listed in Table (2-2). Using this procedure rather good 
fits to the data could be obtained. The agreement between calculated densities and measured 
values are much better than simple estimation based upon the corresponding crystalline 
compounds. 
2.4.3. Thermal Properties of the Ag£ + B2S3 + GeS2 Glasses 
The glass transition temperatures (Tg), the dilatometric softening temperatures (Ta), 
the crystallization temperatures (Tc), and the thermal expansion coefficients (from 50°C to 
Tg) were measured and are listed in Table (2-2). Figure (2-3) shows the DSC thermograms of 
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xAgaS + (l-x)[0.67BzS3 + 0.33GeSa] glasses. There are two crystallization peaks in the DSC 
thermograms when the mole fraction of AgaS is greater than 0.45. The first peak likely 
corresponds to c-AggGeSe and the second one corresponds to c-Ag&BioSig. The reason is that 
the crystallization profile of the AgaS + GeSa binary system appears to be at lower 
temperatures and is similar to that of the first crystallization peak of the ternary glasses. The 
first crystallization temperature is strongly AgaS composition dependent (as shown below), 
which indicates that the crystallization activation energy is related to the addition of AgaS. 
For c-AggGeSe, we presume the nucleation and crystallization activation energy is related to 
the concentration of AgaS since it requires a higher proportion of AgaS to form this 
compound. The crystallization profile of the AgaS + B2S3 binary system appears to be at 
higher temperatures and for this reason the second crystallization peak of the ternary glasses 
is assigned to the formation of c-AggBmSig. However, further work using XRD is in 
progress to check this assumption. 
The Tgs of AgaS + 8383 + GeSa glasses vary in the range of 350 to 375 °C. The 
composition dependence of the Tg, Ta and Tc verses the mole fraction of AgaS is shown in 
Figure (2-4). The results indicate that the AgaS + 6383 + GeSa ternary glasses are more 
thermally stable, have higher Tgs, and have greater Tc-Tg values than the AgaS + 8383 and 
AgaS + GeSa binary glasses. Therefore, the addition of GeSa to AgaS + B2S3 glasses 
improves the glass transition temperatures and glass forming character by increasing rigidity 
of the network of these glasses. It is also found that the chemical stability of the ternary 
glasses in air and water is much better than that of the AgaS +BaS3 glasses. Similarly, at 
higher AgaS concentrations, the first crystallization peak shifts to lower temperatures and this 
suggests that the glass forming character decreases with the addition of AgaS. 
The dilatometric softening temperatures were determined from the TMA scans. The 
glass transition corresponds to a viscosity of 1012 Pa s and the dilatometric softening 
temperature corresponds to a viscosity of 1010 Pa s. It is found that the Tds are typically 
higher than but still close to the Tgs of the glasses, which indicates that the viscosities of 
ternary AgaS + B2S3 + GeSa glasses are strongly temperature dependent over the glass 
transition region. 
The Tgs of binary AgaS + BaS; glasses are ~80°C higher than that of the AgaS + GeSa 
binary glasses. The reported glass transition temperatures of AgaS + GeSa glasses are in the 
range of 290 to 320°C [2], which are a little higher than the values determined in this work. 
The thermal expansion coefficients of AgaS + BaSg + GeSa glasses are shown in 
Figure (2-5). It appears that the CTE increases nonlinearly with the molar fraction of AgaS 
since it plays the role of modifier in the glass network. However, the curves show a minimum 
when fraction of AgaS is equal to 0.5. 
2.4.4. Raman and IR Spectra of theAg2S + B2S3 + GeS2 Glasses 
2.4.4.1. Ag%S + GeS? and Ag?S + B?S^ System 
The IR and Raman spectra of the binary AgaS + GeSa glasses have been studied by 
Kamitsos et al. [11]. A brief review of the spectra is given here in this paper in order to 
interpret the IR and Raman spectra of the ternary glasses. The frequencies and the 
corresponding assignments for AgaS + GeSa system are listed in Table (2-4) and Table (2-5), 
respectively. In the low frequency part of the IR spectra, a peak appears at 110 cm"1. This 
peak is attributed to vibrations of Ag+ ions in their anionic environments. The peak at 150 
cm"1 is assigned to Fa vibration mode of GeS^a groups. The Raman bands at 230 and 265 
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cm"1 and their corresponding infrared features at similar frequencies can be attributed to a 
mixed stretching-bending vibration of Ge-S-Ge bridge bands. The band at 230 cm"1 is 
associated to Ge-S-Ge bridges connecting dithiogermanate tetrahedral groups and the band at 
265 cm"1 is associated to the vibrational bridge bands connecting metathiogermanate 
tetrahedrals. The bands at 332, and 400 cm"1 in the Raman spectra are assigned to the A, 
modes of corner-sharing GeS^ groups and vibration mode of metathiogermanate groups. 
The band at 370 cm"1 is attributed to the T% mode of edge-sharing GeS^ groups or vibration 
mode of pyrothiogermanate groups. 
As seen in Figure (2-6), the IR spectra for the Agi S + B2S3 system show two sets of 
doublets centered at -700 cm"1 and -810 cm"1. The modes around 700 cm"1 have been 
previously assigned to vibrations of the tetrahedral boron group and the assignments are 
shown in Table (2-5). The peaks at 795 and 831 cm"1 are associated with orthothoiborate 
(B3(3)) groups. The fraction of tetrahedral boron (B4) groups is predominant in Ag:S + B2S3 
glasses as can be seen from the relative intensity of the corresponding bands in the IR 
spectra. According to the spectra and assignments for the AgaS + B2S3 system, it is 
suggested that B4 groups, 6-membered ring groups, and B3(3) groups are present in the 
glasses. 
2.4.4.2. B?S]_+ GeS? System 
The IR and Raman spectra of glasses in the binary B2S3 + GeS? system are shown in 
Figure (2-7). The IR spectra show absorption bands at 380, and 420 cm"1, which are 
associated with GeS^/2 and 6-membered ring, respectively. The intensity of the peak at 470 
cm"1 increases with the increasing of GeSa. The IR spectrum of B2S3 glass consists of two 
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absorption bands centered at -970 and -800 cm"1, respectively. These bands have been 
ascribed to the vibrations of 6-membered ring and loose trigonal groups, respectively. It is 
found that the intensity of the band at 800 cm"1 increases while the intensity of the band at 
970 cm"1 decreases with the addition of GeSa. It is likely that the addition of GeSa results in 
the breakdown of 6-membered ring because of the formation of B-S-Ge bonds. High quality 
Raman spectra could not be collected from all glasses due to strong fluorescence. The 
absorption bands at 150, 380 and 420 cm"1 are both IR and Raman active and the intensities 
change with the composition. 
2.4.4.3. Ag?S + B?S^+ GeS? System 
According to the IR and Raman spectra of the Ag^S + B2S3 + GeS^ glasses (as shown 
in Figure (2-8)), Germanium tetrahedral (GeS^), pyrothiogermanate units (GeS 1/283^"), 
metathiogermanate groups (GeS2/2S22"), B4 groups, 6-membered rings and trace amounts of 
trigonal boron units exist in these glasses. The assignments are shown in Table (2-5). 
The band of 110 cm"1 is attributed to the vibration of Ag+ ions in their anionic 
environments. The band of 335 cm"1 is only Raman active and assigned to Ai mode of 
GeS^/2- The band of 260 cm"1 in IR and Raman spectra is caused by the vibration mode of 
GeSs/zS]^" group or that of SsGe-GeSs. In the Ag2$ + Ga^S] + GeSa system, the 260 cm"1 
mode has been assigned to the vibration of S3Ge-GeS3 groups because of the sulfur 
deficiency [19]. In Ag2$ + B2S3 + Ge$2 system, the sulfur deficiency would not be a 
problem since there exists macro-tetrahedra [BmSig6"]. This is also supported by our NMR 
studies on the Ag2$ + B2S3 + Ge$2 glasses. The peak at 260 cm"1 grows up with AgaS, which 
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indicates the addition of AgzS favors the dissociation of the glass network. The band at 870 
cm"1 is attributed to trigonal boron units with three bridging sulfurs [24]. 
The band at 360 cm"1 is assigned to pyrothiogermanate (GeSi^3") group and the 
band at 400 cm"1 is from metathiogermanate groups (GeSa/aSa2-). This is supported by IR and 
Raman studies of AgaS + GeS% binary glasses [11]. As shown in Fig. (2-8), the existence of 
pyrothiogermanate group is predominant and there is only small amout of metathiogermanate 
and germanium tetrahedral groups when Ag concentration is greater than 50%. It is found 
that GeSi subnetwork is overdoped and B2S3 subnetwork is underdoped if we do some 
simple calculation on it. Take 0.45AgaS + O.275B^ + O.275GeSa as example, it could be 
rearranged as 0.075AgzGeS3 + 0.06GeS4/2 + 0.14Ag3S3GeSi/2+ 0.33AgBS4/2 + O.22BS3/2 
based on Raman spectra. It is found that about 64% if Ag ions go to Ge network for this 
composition. It is estimated that 60 - 70% of Ag ions go to Ge network and only 30-40% of 
Ag ions go to B network, depending on the Ag concentration in the glasses. 
2.4.5. NMR Spectra of the B2S3 + GeS2 and Ag2S + B2S3 + GeSj Glasses 
A nB nucleus in a highly centro-symmetric environment, a tetrahedrally coordinated 
boron, for example, gives rise to a single peak centered at the operating frequency of the 
spectrometer. This type of response is typical of highly symmetric sites, which exhibit almost 
no quadrupolar broadening. On the other hand, a nB nucleus in a trigonal environment, 
which is only axially symmetric, has a quadrupolar broadened response [25]. In B2S3 + Ge$2 
system (as shown in Figure (2-9)), the 64.174, 64.188 MHz peaks are related to trigonal 
boron groups. For these reasons, it is suggested there are no tetrahedral borons in B2S3 + 
GeS2 binary glasses, which is consistent with IR and Raman spectra and the lack of 
modifiers. As expected the signal to noise ratio improves and the intensity of the 
corresponding peaks increases with the increasing of B2S3. 
However, it was shown above that Ag ions play an important role in the formation of 
tetrahedral borons in these glasses. In the AgaS + B2S3 + GeSa system, the peak at the 
resonance frequency of 64.179 MHz is from tetrahedral boron groups. NMR spectra show 
the prominence of B4 groups with only small amount of trigonal boron groups. The peaks of 
the trigonal boron are so weak that they almost emerged in the noisy background. It is 
estimated that the percentage of trigonal groups is less than 10% in the ternary glasses. The 
Raman spectra have proven the assumption that the Ag ions would form bonds with sulfurs 
in GeS4/2 structure first rather than those in BS4/2 tetrahedral. By deconvolution of NMR 
spectra, it is found that the boron tetrahedral is more than 90% for 0.45AgzS + O.275B2S3 + 
0.275Ge&2 glass although B network is underdoped with Ag ions. According to Raman 
spectra, we rearrange this composition as 0.075Ag2GeS3 + 0.06GeS4/2 + 0.14Ag3S3GeSi/2+ 
0.33AgB$4/2 + O.22BS3/2 and predict there is 60% of tetrahedral borons and 40% of trigonal 
borons. This is not consistent with the fraction of tetrahedral borons that determined from 
NMR spectra. Therefore there must be AgeBioSis supertetrahedra in these ternary glasses. It 
is shown the fraction of tetrahedral borons increases as Ag2$ is added to the glasses. This 
phenomenon is due to the conversion of three-coordinated borons to four-coordination. 
49 
2.5. Discussion 
2.5.1. Raman and IR Spectra of the Ag2S + B2S3 + GeS2 Glasses 
2.5.1.1. Ag?S + B?Sq System 
The IR and Raman spectra of the Ag?S + B2S3 system are shown in Figure (2-6). In 
the Raman spectra of Na-B-S system, the 231 cm"1 peak was assigned to the A/ mode of the 
metathioborate ring group [23]. The 219 cm"1 peak in AgzS + B2S3 system is slightly lower in 
frequency due to the heavier mass effect of the Ag+ cation. We assign the 400 cm"1 peak in 
Raman spectra as Ai' mode of B3(3) group since Ai' modes are only Raman active and 
generally have lower frequencies. This is also confirmed by the Raman spectra of the sodium 
orthothioborate polycrystals. The 439 cm"1 and 479 cm"1 peaks are assigned to the symmetric 
stretching (SS) of sulfur atoms in six-membered rings. This assignment is supported by the 
polarization study of V-B2S3 [23]. The 442 cm"1 peak is highly polarized due to the high 
symmetry of the group. 
Compared to the IR spectra of c-AgeBioSig, the 698 and 726 cm"1 peaks in IR spectra 
of these binary glasses are from T2 vibration modes of B4 groups [13]. According to an x-ray 
crystal structure analysis [26], the anionic part of the AgeBmSig structure contains B10S20 
"supertetrahedra" consisting of ten interconnected corner-sharing BS4 tetrahedra. This 
analysis could explain why B4 groups are predominant in Ag2S + B2S3 glasses if we assume 
the boron environment of these binary glasses are close to those of AgeBioSig. The 800 cm"' 
and 832 cm"1 peaks in IR spectra can be assigned to E' and A2" modes of B3(3) groups, 
respectively. The intensities of the 795 cm"1 and 832 cm"1 peaks are relatively weak, which 
indicates the amount of B3(3) is much less than that of B4 tetrahedra groups. 
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2.5.1.2. B^Si + GeS? System 
As shown in Figure (2-7), the 150 cm"1 peak arises from the Fi vibrational mode of 
GeS4/2 groups [19]. This assignment is confirmed by the increase in the intensity of this peak 
with increasing GeSa. The 380 cm"1 and 420 cm"1 bands are assigned to the T? mode of the 
GeS4/2 group and the Ai' mode of the 6-membered rings, respectively. It is found that the Ai' 
mode is both IR and Raman active in this case because of the break-down of selection rules. 
The possible reason for this is that some of the second nearest neighbors of boron atoms are 
replaced by germanium, which results in the disruption of the perfect symmetry of 6-
membered ring. In the IR and Raman spectra, 470 cm"1 and 900 cm"1 bands can be assigned 
to the vibration modes of Ge-S-B groups. The possibility of assigning the 470 cm"1 band as 
the mode for Ge-S is ruled out because there is no 470 cm"1 band in GeSz, Agi S + GeS^ and 
AgaS + B2S3 + GeSa glasses. Further, the 470 cm"1 peak cannot be from the Ai' mode of 
sulfur atoms in six-membered rings. The intensity of 470 cm"1 band should increase with the 
increasing of B2S3 if it is related to the vibration of 6-membered ring; this is not the case in 
this system. It expected that there is some structural similarities between B2O3 + GeOz and 
B2S3 + GeS2 since oxygen and sulfur are in the same group in the periodical table. It is also 
shown that BO3/2 triangular units, boroxol rings and GeÛ4/2 tetrahedra units are the major 
structural units for B2O3 and GeO? glasses, respectively [27]. 
The spectra of B2O3 + GeOz glasses indicate the presence of B-O-Ge band, which is 
in agreement with our results [27]. The 970 cm"1 peak in the IR spectra is from A2" mode of 
6-membered ring and its intensity decrease with increasing of GeS2. Below 20 mol% B2S3, 
the band at 970 cm"1 disappears indicating the elimination of 6-membered ring. The peak 
around 800 cm"1 is assigned to the vibration mode of boron trigonal (B3(0)) groups. With 
addition of GeSi to B2S3, some of the second nearest neighbors of boron atoms are replaced 
by less polarizable Ge atoms to form B-S-Ge linkages. This change should cause an increase 
in the stretching force constant for B-S bonds involving sulfur atoms bonded to Ge atoms and 
explain the increase in the wave number for the B3(0) mode at 780 cm"1 with the increase in 
Ge$2 concentration. The intensity of the mode at 800 cm"1 does not change too much with the 
increasing of GeS2. This indicates that B3(0) units are the primary groups and they are 
connected to GeS4 tetrahedra at low B2S3 concentration. The Raman spectra of B2S3 + GeSa 
system show that there are edge-sharing and corner-sharing GeS4/2 tetrahedra units, 
metathiogermanate groups and B-S-Ge linkages. With the decreasing of B2S3, the amount of 
corner-sharing GeS4 tetrahedra increases in the glass. 
2.5.1.3. Ag?S + B9S1 + GeS? System 
It is found that the ratio of the intensity of the band at 360 cm"1 to that of the band at 
333 cm"1 increases with the addition of Ag2S (as shown in Figure (2-10)). In the vitreous 
state, B2S3 has only the corner-sharing configuration, whereas GeS2- and GaiSs- based 
glasses have both corner-sharing and edge-sharing configurations. Julien et al. [19] reported 
that the proportion of edge-sharing tetrahedra of GeS4/2 decreases with addition of Ag^S in 
Ag2$ + Ga2$3 + GeSg and Ag2$ + GeS2 systems, which appears to be different from our 
results. However, according to Pauling's third rule [28], the energy state of materials depends 
on the connection schemes of polyhedra. More specifically, in the case of two tetrahedral 
units either edge or face shared, the interatomic distance between two cations located at the 
center of each tetrahedron is shorter than that for the corner-sharing case. Therefore, the 
repulsive force between two cations should increase and as a result, the energy states of these 
two tetrahedral units should increase. In this case, two edge-shared Ge$4/2 tetrahedral, in 
preference to the corner-shared ones, can be broken with the addition of Ag2S to form 
tetrahedral with non-bridging sulfurs. The peak from the edge-sharing tetrahedral (360 cm"1) 
is located near the one from the pyrothiogermanate groups (375 cm"1) [29]. According to the 
above analysis, we suggest that the trend in Figure (2-10) shows the increase of the 
tetrahedral site with non-bridging sulfurs rather than the increase of edge-sharing tetrahedral 
units with the addition of Ag2S. Julien et al. [19] reported that the proportion of edge-sharing 
tetrahedra of GeS4 decreases with addition of Ag2S in Ag2S + Ga2Ss + GeS2 and Ag2S + 
GeS2 systems, which appears to support our assignments as well. 
2.6. Conclusions 
The glass forming range of the ternary Ag2S + B2S3 + GeS2 system was investigated 
and a limited range of glasses were found in the high Ag2S content region. 8283 + GeS2 
binary glasses could be formed over full range of compositions. The densities of Ag2S + B2Ss 
+ GeS2 ternary glasses are in the range of 4.2-5.6 g/cm3 and the densities for B2Ss + GeS2 
glasses are ~ 2.0 g/cm3. The glass transition temperatures of Ag2S + B2Sg + GeS2 glasses vary 
in the range of 350-375°C and the addition of mixed glass formers in the chalcogenide 
glasses improves the glass transition temperature. 
Raman and IR studies show that there exist 6-membered rings, B3(3) and B4 groups 
in the binary Ag2S + B2S3 system glasses. The vibration spectra of Ag2S + GeS2 glasses 
indicate the presence of metathiogermanate GeS2/2S22" and GeS4/2 groups. There exist corner-
sharing and edge-sharing GeS4/2 tetrahedra, 6-membered ring, B-S-Ge and B3(0) groups in 
the B2S3 + GeS2 glasses. The IR and Raman spectra show that there are GeS4/2, BS4/2, 
53 
metathiogermanate, pyrothiogermanate, 6-membered ring in AgaS + B2S3 + GeSa ternary 
glasses. It is found that the ratio of pyrothiogermanate groups (GeSi/2S33~) to tetrahedra 
GeS4/2 increases with the increasing of Ag2S. It should be noted that there is no B-S-Ge bond 
in Ag2S + B2S3 + GeS2 system. 
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2.9. Captions 
Table (2-1). Average structural parameters, coordination number N and distance r of the Ge 
environments in the compound a-AgsGeSe [12] 
Table (2-2). The densities, thermal expansion coefficients, glass transition, dilatometric and 
crystallization temperatures of glasses in the Ag2S + B2S3 + GeSz system 
Table (2-3). SRO groups, formulas, molar masses and volumes in the AgzS + B2S3 + GeS2 
system 
Table (2-4). Infrared and Raman frequencies (cm"1) of Ag2S + B2S3 + GeS2 System 
Table (2-5). Assignments of Infrared and Raman frequencies (cm"1) of AgaS + B2S3 + GeS2 
System 
Figure (2-1). Ternary diagram of glass forming range of the Ag2S + B2S3 + GeS2 system 
(The dashed line represents the glass forming ranges for Ag2$ + B2S3 + SiS2 
system [16]) 
Figure (2-2). The composition dependence of the densities verses the mole fraction of Ag2S 
of Ag2S + B2S3 + GeS2 Glasses 
Figure (2-3). DSC scans of xAg2S + (l-x)[2B2S3 + lGeS2] ternary glasses 
Figure (2-4). (a) The glass transition temperatures, the dilatometric softening temperatures, 
and (b) the crystallization temperatures of Ag2S + B2S3 + GeS2 system vs. 
molar fraction of Ag2$ 
Figure (2-5). The thermal expansion coefficients of Ag2$ + B2S3 + GeS2 glasses vs. the molar 
fraction of Ag2$ 
Figure (2-6). IR and Raman spectra of binary Ag2$ + B2S3 glasses 
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Figure (2-7). IR and Raman spectra of binary B2S3 + GeSi glasses 
Figure (2-8). IR and Raman spectra of ternary AgaS + B2S3 + GeS2 glasses 
(a) 8283/6082 = 2 (b) 8283/0682 = 1 
Figure (2-9). UB NMR spectra of Ag2S + B2S3 + GeS2 and 8283 + Ge82 system 
Figure (2-10). Intensity ratio of 360 cm"1 mode to 333 cm"1 mode vs. ratio of Ag2S/GeS2 
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Table (2-1) 
Distance range Atom type Coordination number N r(À) 
(0-2.9 À) S 4 2.23 
(2.9-4.4 À) Ag 4 3.74 
Ag 7 3.85 
Ag 3 4.00 
Ag 1 4.26 
S 1 4.29 
(4.4-5.0 Â) S 3 4.71 
Ag 2 5.03 























Ag2S B2S3 GeSz Ex. Cal. 
Ag2S + 
B2S3 + GeS2 
(B/Ge = 2) 
0.35 0.325 0.325 4.41 4.40 13.3 351 353 — — 
0.40 0.30 0.30 4.66 4.59 16.4 374 358 — — 
0.45 0.275 0.275 4.78 4.90 16.0 363 359 — — 
0.50 0.25 0.25 5.21 5.21 15.1 361 360 " — 
0.55 0.225 0.225 5.55 5.30 20.9 357 357 — — 
Ag2S + 
B2S3+GeS2 
(B/Ge = 4) 
0.333 0.445 0.222 4.20 4.20 11.4 389 361 — — 
0.40 0.40 0.20 4.62 4.63 16.2 388 375 — — 
0.45 0.367 0.183 4.77 4.91 17.8 382 365 490 496 
0.50 0.333 0.167 5.01 5.05 13.5 380 361 469 492 
0.55 0.30 0.15 5.23 5.27 15.6 365 359 398 495 
Ag2S + GeS2 0.40 0.00 0.60 4.81 — 14.1 — 261 348 — 
Ag2S + B2S3 
0.40 0.60 0.00 4.28 — 18.9 — 349 470 — 
0.50 0.50 0.00 4.59 20.6 — 341 461 — 
B2S3 + GeS2 
















0.00 0.20 0.80 2.33 — — — 373 — — 
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Table (2-3) 
Formula of SRO group Molar mass (g/mol) Molar volume (ml/mol) 
(±2.7) 
BS3/2 58.9 31.19 
AgBS4/2 182.9 36.04 
AgôBioSis 1332.7 278.61 
GeS4/2 136.8 47.26 
AgSGeSs/2 260.7 57.46 
Ag2S2GeS2/2 384.6 73.96 
Ag2BS5/2 306.8 57.70 
AgsSgGeSva 508.7 91.90 
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Table (2-4) 
Binary systems Ternary systems 
Ag2S+B2S3 Ag2S + GeS2 
[11] 
B2S3 + GeS2 Ag2S + B2S3 + GeS2 































































































































































































Wavenumbers (cm"1) Assignments 
111-118 Ag+ motion 
150-156 V4 (F2) GeS4/2 
215-220 Ai ' mode of 6-membered ring 
v (Ge-S-Ge) dithiogermanate 
260 v (GeS^Sz'l 
Or v (Ge-S-Ge) metathiogermanate 
332-352 Ai GeS4/2 
360-380 Pyrothiogermanate GeSi^Sg3" 
or T2 edge-sharing GeS4/2 
390-400 metathiogermanate GeS2/2S22" 
or Ai'ofB3(3) 
430-446 Ai ' in 6-memebered ring 
470-479 v (B-S-Ge) 
or Ai ' in 6-memebered ring 
684-698 T% Of BS42 
723-732 T2 of BS4/2 
780-820 E' of B3(0) 
or E' of B3(3) 
832 A2" of B3(3) 
870 A2" of B3(0) 
900 v (B-S-Ge) 
970 A2" in 6-membered ring 
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3. STRUCTURAL INVESTIGATION OF Ag2S + B2S3 + GeS2 GLASSES 
USING NEUTRON SCATTERING 
By 
Qiang Mei Young Sik Kim1, Wenlong Yao1, Steve W. Martin1,2 
To be submitted to Physics and Chemistry of Glasses 
3.1. Abstract 
Fast Ion Conducting (FIC) glasses of composition xAgaS + (l-x)[BaS3 + GeSa] have 
been studied using Neutron Scattering to investigate their short-range order structure and 
intermediate range order structures. These glasses are of significant interest mainly due to the 
observation that they exhibit non-Arrhenius behavior in their ionic conductivity. The total 
correlation functions T(r) were fitted with gaussian functions and the bond length and 
coordination numbers of Ge-S, Ag-S and Ag-Ag correlations are determined. These neutron 
scattering data are in good agreement with that for the silver thioborosilicate glasses. It is 
found that the AgzS + B2S3 + GeS] glasses are composed of a B2S3 network containing 
[B10S186"] superstructure and an over-doped GeS^ network. The existence of boron 
superstructure contributes to the high mobility and conductivity of Ag ions. The temperature 
and composition dependence of Ag-Ag correlation supports that Ag ion interaction is a factor 
that cannot be ignored at relatively high temperature and could explain the origin of the non-
Arrhenius behavior. 
1 Department of Materials Science and Engineering, Iowa State University, Ames, IA 50011 
2 Author to whom correspondence should be directed 
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3.2. introduction 
It is known that tremendous progress has been made recently in developing new 
electrolytes with exceptionally high ionic conductivities, values approaching 10"2 (Q-cm)"' at 
room temperature have been observed [1]. However, the conductivity is still several orders of 
magnitude lower than that predicted by the low temperature Arrhenius behavior. It is very 
important to explore the origin of this non-Arrhenius behavior [2,3]. An important 
complement to the measurements of the ion conduction dynamics in these optimized 
electrolytes are detailed studies of their structures. It is imperative to understand in detail the 
unique atomic-level structures that give rise to their ionic conductivities being so highly non-
Arrhenius. The ionic conduction mechanism is related to the micro structures of the glasses. 
Therefore, the ionic conductivities might be able to be improved if some in-depth research is 
done on the structure of the glasses. 
Neutron scattering studies of these silver thioborogermanate glasses could be used to 
determine their total correlation function and the partial reduced RDFs from which detailed 
information about the short and intermediate range order of these glasses can be determined. 
It is especially important to determine if preferred low energy conduction pathways are 
formed in these glasses that, while assisting in the conduction process, can also become 
congested at elevated temperature with large numbers of very mobile cations and as a result 
lead to a decreasing conductivity with temperature. 
3.3. Background 
The measured distinct scattering function I(Q) can be directly transformed to Faber-
Ziman structure factor, S(Q) by 
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HQ) = {c,b,)*(S(Q)-1) (3-1) 
where b; is the scattering length of element i weighted by its mole-fraction Cj, and the bracket 
denotes an average over all elements. 
The structures of these amorphous materials can be expressed in terms of distribution 
functions since there are variations in bond distances and bond angles. Real space functions 
can be obtained from the Fourier transformation of structure factor or scattering function. 
Real space functions includes the differential correlation function D(r), the reduced radial 
distribution function G(r), and the total correlation function T(r). The relationship of these 
distribution functions is given as [4]: 
D(r) = (6)'G(r) = T( r )  - ^  '  [%)  - l ] smgr  dg  (3-2 )  
where T0 =4np°{b)2 and p° is the average density. In a multi component material, the 
average scattering length can be determined using (b) = ^"=1 xibi, where x, and b; are the 
concentration and scattering length of atomic species i, respectively. In addition, G(r) is 
obtained by summation over weighted partial radial distribution function Gy(r). 
<?(r) = ][",yG„.(r) (3-3) 
y 
where w j j  = x, .x y 6,è y .  / (b) 2  and T(r) is a sum of the partial correlation functions Tij(r): 
(3_4) ij 
Among these real-space functions, D(r) can be used readily for isotopic-substitution 
neutron scattering data analysis and T(r) can be used to determine the bond distance and 
coordination numbers in glasses. The coordination number can be calculated by integrating 
the area under peaks in rT(r) [4]. 
T(r) can be expressed as a sum of Gaussian functions [5]: 
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n» = 2X exp 
(r - r 
2 (3-5) 2cr„ 
where rs and cs2 represent the distance and variance of the distance between atoms at the 
origin and in the coordination shell s. In general, os2 will have both static and dynamic 
(vibrational) components. 
3.4. Experimental 
Stoichiometric amounts of AgaS, B11 enriched B2S3 and GeS% were mixed and then 
placed in a covered vitreous carbon crucible and heated for 10 min at 650°C inside a mullite 
tube lined muffle furnace attached hermetically to the side of a high quality oxygen- (< Ippm 
O2) and water-free (< 2ppm H2O) glove box. Melting at higher temperatures was avoided due 
to GeSa vaporization. The melts were quenched using a brass mold and homogenous glasses 
were obtained. 
Time-of-flight neutron scattering experiments were carried out on GLAD at the 
intense pulse neutron source (Argonne National Laboratory, USA). All the measurements 
were performed at low temperature (100K) or room temperature using cylindrical vanadium 
containers. The data analysis followed standard procedures [6,7] and included corrections for 
the background, scattering from the containers, absorption, multiple scattering, inelasticity 
effects and incoherent scattering. The background, a standard vanadium rod and the empty 
tubes were also measured to enable these corrections. Since B10 has a high neutron scattering 
cross-section, the sample was prepared with isotopically enriched B11. 
For transition-metal elements such as silver, severe neutron absorption occurs at 
certain neutron energies corresponding to nuclear resonance [8]. Because Q at a fixed energy 
varies as sin0, where 20 is the scattering angle, such resonance appears at different Q values 
depending on the angle at which scattering is observed. Figure (3-1) shows the neutron 
intensity spectra, I(Q), observed at scattering angle of 21.9° and 38°, where strong absorption 
due to resonance of the Ag nuclei was seen at around 14Â"1 and 25Â"1. This makes it 
straightforward to identify the portions affected by the resonance and to avoid including them 
in the merged data. 
It was found that there was 1-2% of hydrogen in the glass sample due to the 
hygroscopic character of B2S3 and this should be taken into account since hydrogen has a 
large incoherent scattering cross section. Hydrogen was included in the self-scattering 
correction from the sample for each detector group and we reasonably presume that 2% 
hydrogen impurity exists in the glass samples. This hydrogen impurity would cause slope in 
the distinct scattering function I(Q) and it is difficult to normalize the data if we do not 
eliminate the effect of this factor. The standard way of getting rid of slopes from neutron (or 
x-ray) scattering data is to fit the data with a low-order polynomial, such as a smooth curve 
with very little structure. Then directly subtract it in Q space from the I(Q) file, such that 
when we get to S(Q) file the data oscillates nicely about 1.0. Figure (3-2) shows the distinct 
scattering function spectra before and after slope subtraction. 
3.5. Results and Discussion 
3.5.1. Structure Factor S(Q) 
The renormalized total structure factors S(Q) for the silver thioborogermanate glasses 
are shown in Figure (3-3). The weak shoulder at 1.16 Â for the 0.5Ag2S + O.25B2S3 + 
0.25GeS2 glass is identified as FSDP (First Sharp Diffraction Peak), which is related to 
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intermediate range order structure in glasses and amorphous materials. Wright et al. [9] and 
Moss and Price [10] have found that if the first peak position Q is scaled with the covalent 
bond length r, Qr« 2.5 is held for many materials including oxide and chalcogenide glasses. 
They have argued that the constant Qr suggests that the glass structure of these materials 
should be understood in a coherent manner. In these FIC glasses, Qr is about 2.46-2.59, 
which agrees with their conclusion very well. 
The intensity does not change significantly over the composition. However, the peak 
position of FSDP for the 0.4AgaS + OJB2S3 + OJGeSa glass shifts to lower Q (1.10 Â"1) with 
decreasing AgaS content. And this suggests a depolymerisation and fragmentation of the host 
matrix with the addition of AgaS. 
3.5.2. Total Correlation Function T(r) 
The structure factor S(Q) was Fourier transformed to give the total correlation 
function (T(r)) using a Lorch modification function with Qmax = 25 Â and fitted with 
Gaussian function, as shown in Figure (3-4). In T(r) the dip (above 1 Â) is entirely due to the 
large slope in the data in Q space. These Fourier transform artifacts do not have much effect 
on the structure at higher r i.e. above 2. The large slope in Q space appears to arise mainly 
from the neutron absorption resonance. This is partly handled by the wavelength range we 
specified in the analysis. But it did not eliminate the effect completely. The peak at about 1.9 
A is identified as B-S correlation, but it cannot be used to calculate the coordination number 
of sulfur around boron due to the existence of the dip and the lack of the fine resolution of 
this peak in T(r). When we calculate the coordination numbers for Ge-S, Ag-S and Ag-Ag, 
the calculation is affected by the hydrogen contamination. To avoid this problem, it is 
assumed that the numbers of S atoms around Ge is 4, and this internal standard is used to 
determine the coordination numbers for Ag-S and Ag-Ag. 
Figure (3-5) shows the T(r) for the two different compositions of Ag2S + B2S3 + GeS2 
glasses at 100K and 300K. The peak at about 1.9 Â is identified as the B-S correlation in a 
tetrahedral coordination. From NMR studies of these chalcogenide glasses, it is found that 
they contain mostly tetrahedral borons and small amounts of trigonal boron groups [11]. 
Matic et al. [12] investigated the structure of Ag%S + B2S3 + S1S2 glasses using neutron 
scattering and identify the peaks at 1.83 Â and 1.99 Â as B-S distances for 3 and 4-
coordinated units, respectively. The crystalline phase of AgeBioSig consists of tetrahedral 
borons and the bond length of B-S in this phase is 1.915 Â [13]. The agreement between the 
bond distance of B-S in our glasses and that in AgeBioSig suggests that there exists [B10S186"] 
superstructure in these glasses. 
The peak at 2.24 Â is assigned to Ge-S correlations in GeS^ tetrahedron. This 
assignment is based on a couple of experiment results. The Ge-S bond length in high- and 
low-temperature crystalline phase of GeS2 obtained from x-ray crystallography is 2.217 and 
2.224 Â, respectively [4,14]. X-ray diffraction studies have shown that the Ge-S bond 
distance is 2.23 Â in glassy GeS2 [15]. It is found that the intensity of this peak increases 
with the addition of GeS2. 
The peaks at 2.53 Â and 2.74 Â are assigned to Ag-S correlations. This assignment is 
based on an x-ray crystallography study on !3-Ag2S, which suggests that Ag-S bond distance 
varies in the range of 2.49-3.43 Â, depending upon if Ag ions resides in octahedral sites or 
tetrahedral sites [16]. Neutron scattering data of Ag2S + B2S3 + SiS2 glasses has shown that 
bond length of Ag-S is 2.53 ±0.1 Â, which is in very good agreement with our data [12]. Lee 
et al. [4] indicate that the bond length of Ag-S in Ag2S + GeS2 glasses varies from 2.62 to 
2.66 Â based upon the Ag2S concentration. We could presume that the bond length of Ag-S 
depends on whether S is bonded with boron or germanium. The peak at 2.53 Â is identified 
as Ag-S correlation in which sulfur is bonded to boron. And the peak at 2.74 Â is assigned to 
Ag-S correlation in which Sulfur is bonded to germanium. The peak at 2.74 Â cannot be 
assigned as S-S correlations. From other work [17], this length is too short to arise from S-S 
correlation. For example, the average S-S bond length is 3.4 Â in edge-sharing GeS^ 
tetrahedral in the structure of crystalline GeS2 [17]. It is reasonable to assume that S-S bond 
distance is beyond 3 Â. 
From the Raman and NMR data [18], it is found that GeS^2 subnetwork is overdoped 
while B2S3 subnetwork is underdoped with Ag ions. In that case, the coordination number 
(CN) of sulfur around Ag should be relatively small in GeS2 subnetwork since there exist 
pyrothiogermanate groups (AggGeSgj) in these ternary glasses. On the other hand, the CN of 
sulfur around Ag in B2S3 subnetwork is expected to be relatively large since the main 
structure is AgeBioSig in the subnetwork. CN data are shown in Table (3-1), and it is 
consistent with Raman and NMR data. NMR data could support AggBioSi* structure is 
predominant by showing that the existence of tremendous amount of B4 groups even though 
the B2S3 network is underdoped with Ag2S [11]. It is estimated that the percentage of trigonal 
groups is less than 10% in the ternary glasses. 
The peak at about 3.11 A can be assigned to Ag-Ag correlations. This assignment is 
based on the fact that all Ag atoms have at least one near-Ag neighbor atom between 2.93 
and 3.11 Â in crystalline compound AggGeSe [19]. X-ray scattering investigations of alkali-
doped thioborate have suggested that the metal ions are not randomly distributed throughout 
the glass structure. Instead, metal ions occupy some characteristic positions created by the 
boron-sulfur superstructure units. This leads to the formation of metal ion pairs or larger 
aggregates in glasses where the closest metal-metal distance was found to be very similar to 
that in corresponding crystalline compounds [13]. Simple calculations based on the density 
and molar mass of these glasses suggest that the Ag-Ag bond distance would be about 5-6 Â 
if they were distributed in the network randomly. And this is significantly different from 3.1 
Â that we obtained from neutron scattering data. 
We presume that the Ag2S + B2S3 + GeS2 glasses are composed of a boron network 
containing [BioSig6"] superstructure and an over doped Germanium network. IR studies show 
that the spectra of crystalline phase Ag6BioSi8 have similar features as these glasses. In the 
glasses, the bonding and first sphere coordination of these [BioSig6-] superstructure remains 
largely unchanged compared to the corresponding crystalline phase [13]. It is expected that 
the angular distortion of the network is more severe in the glasses due to the effects of the 
mixed glass formers and the characteristics of the variation in the glass structure. As we can 
see in Figure (3-6) [20], some vacancies and channels are formed between the groups of the 
superstructure [BioSig6"]n, leaving space for the mobile Ag+ ions of the structure. This 
structure reduces the strain energy that required to dilate the glass structure to allow an ion to 
migrate and thereby contributes to the high mobility and conductivities of Ag+ ions in these 
glasses. It is also important to understand how Ag ions in GeS.4/2 network contribute to the 
conductivity. NMR studies suggest that the activation energy in GeS^2 network is greater 
than that in B2S3 network. This is thought to be the reason that most Ag ions reside in the 
deeper potential energy wells in GeS^2 network since it would lower the energy of the whole 
system. It is known that the concentration of Ag ions that thermally activated is based on 
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Boltzman statistics and is typically less than 1% [21]. Therefore one hypothesis is that most 
mobile Ag ions that contribute to conduction are from B2S3 network although 70%-80% of 
Ag ions are associated with GeS4/2 network. The possibility that Ge atoms replace some of 
the B atoms in the superstructure is very low since IR and Raman studies suggest that there is 
no B-S-Ge bond in the silver thioborogermanate ternary glasses. 
The broad peak positioned at about 3.68 Â is considered to be from Ag-Ge 
correlations and Ge-Ge correlations. The peak is asymmetric and it indicates more than one 
correlations could be dissolved from it. Ge K-edge EXAFS studies of the GeSz glass suggest 
that the corner-sharing Ge-Ge distance of 3.443 Â, so the broad peak at 3.683 Â may contain 
Ge-Ge correlations [4], The peak at 3.7 Â could be assigned to Ag-Ge correlation and this 
assignment is supported by the isotope-substituted neutron scattering experiments of 
AgaS+GeSa system [4], The peaks beyond 3.5 Â cannot be used to determine the 
coordination number since the correlations become more overlapped and sophisticated. 
Modeling techniques or Ag isotope-substituted neutron scattering should be applied to obtain 
some detailed structural information at relatively high r. 
3.5.3. The Effects of Temperature 
Table (3-1) shows the coordination numbers, bond distances and the standard 
deviation of bond distances for Ge-S, Ag-S, S-S and Ag-Ag correlations. It is found that the 
standard deviation of bond distance g doesn't change much over temperature even though it 
includes both static and dynamic components. It seems that the coordination number of Ag-S 
approximately remains the same for different temperatures. The coordination number of Ag-
Ag correlation is strongly dependent upon the temperature and the composition. For O.4Ag^S 
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+ O.3B2S3 + O.SGeSz, the CN (coordination number) of Ag-Ag increases by 8.5% with 
temperature, while the CN of Ag-Ag increases by 16.8% for O.SAgaS + 0.25B2S3+ 0.25GeS2 
glass. The concentration of the mobile Ag ions increases with temperature and significant 
interaction among these ions could reduce the efficiency of ions migration and give rise to 
non-Arrhenius deviation. These FIC glasses are highly doped with Ag ions and therefore the 
ionic motion cannot be regarded as isolated and independent, due to the existence of other 
adjacent mobile ions, and the ions will have a large coulombic repulsion that leads to the 
non-Arrhenius conductivity [12,22]. 
3.6. Conclusions 
It has been demonstrated that neutron scattering is a technique enabling the 
investigation of the short-range order structure involving mobile ions in Fast Ion Conducting 
glasses. By studying two compositions at low and Room temperature, we are able to 
determine the bond distance and coordination number for Ge-S, Ag-S and Ag-Ag 
correlations. Combined with the Raman, NMR and XRD data of these glasses or 
corresponding crystalline phase, the basic structures of these glasses are obtained. The bond 
length of Ag-S is in perfect agreement with that in Ag2S + B2S3 + SiS2. It is found that the 
silver thioborogermanate glasses are composed of a boron network containing [BioSig6"] 
superstructure and an over doped germanium network. And the boron superstructure 
contributes to the high mobility and conductivity of Ag ions. The coordination number of 
Ag-Ag correlation is dependent upon the temperature and the composition, which confirms 
that Ag ion interaction is a factor that cannot be ignored at RT or above because the 
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conduction pathways become congested at elevated temperature. And this could explain the 
origin of the non-Arrhenius behavior. 
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3.9. Captions 
Table (3-1). Coordination numbers and bond lengths for Ag2S + B2S3 + GeS2 glasses 
Figure (3-1). The neutron-intensity spectra of Ag2S + B2$3 + GeS2 glass observed at 
scattering angle of 21.9° and 38°. 
Figure (3-2). Subtract the slope of the neutron-intensity spectra to avoid the effect caused by 
hydrogen contamination 
Figure (3-3). Neutron structure factors of Ag2S + B2S3 + GeS2 glasses 
Figure (3-4). Total correlation function T(r) fitted with gaussian functions for the different 
atomic pair correlations 
Figure (3-5). Total correlation function T(r) for the two different compositions of 
Ag2S + B2S3 + GeS2 glasses at 100K and 300K 
Figure (3-6). Structure of crystalline phase AgeBioSig [20] 
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Table (3-1) 
0.4Ag2S + 0.4Ag2S + 0.5Ag2S + 0.5Ag2S + 
0.3B2S3 0.3B2S3 0.25B2S3 0.25B2S3 
+ 0.3GeS2 +0.3GeS2 + 0.25GeS2 + 0.25GeS2 
(100K) (300K) (100K) (300K) 
NoeS 4.00 4.00 4.00 4.00 
ÎGeS (Â) 2.22 2.22 2.22 2.20 
G (À) 0.24 0.24 0.22 0.20 
NA8S(1) 2.60 2.26 2.62 2.54 
rAgs(i)(Â) 2.54 2.52 2.54 2.53 
a (À) 0.26 0.24 0.24 0.27 
NAgS(2) 0.38 0.58 0.37 0.53 
RAgS(2) (Â) 2.74 2.78 2.76 2.76 
<7 (Â) 0.18 0.18 0.18 0.18 
NAgAg 2.68 2.93 4.11 4.94 
fAgAg(Â) 3.10 3.12 3.11 3.11 
CT (À) 0.26 0.23 0.28 0.37 
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4. TRAPPING MODEL AND THE NON-ARRHENIUS IONIC 
CONDUCTIVITY IN FAST ION CONDUCTING GLASSES 
By 
Qiang Mei1, Ben Meyer1, Steve W. Martin1'2 
To be submitted to Physics and Chemistry of Glasses 
4.1. Abstract 
Conductivity measurements of zAgl + (l-z)[xAgiS + (I-XX2B2S3 + 1 GeS%)] fast ion 
conducting glasses were performed to explore the non-Arrhenius behavior of the 
conductivity above room temperature. A distinct non-Arrhenius deviation is observed that 
causes the dc conductivity to be lower than the expected values. The deviation becomes more 
pronounced and occurs at lower temperature as the amount of Agi is increased. A recently 
developed model, the Ion Trapping Model (ITM), has been used to describe the non-
Arrhenius conductivity and fit the experimental data. It is found that the model is able to 
accurately reproduce the non-Arrhenius temperature dependence of the conductivity of these 
highly optimized fast ion conducting glasses. The model has only one independently 
adjustable parameter, the average activation energy, and it provides a physical picture of the 
cause of non-Arrhenius deviation. 
1 Department of Materials Science and Engineering, Iowa State University, Ames, LA 50011 
2 Author to whom correspondence should be directed 
96 
4.2. Introduction 
Our work on chemically optimized fast ion conducting (FIC) glasses has shown that 
rather than attaining very high ionic conductivities as expected from Arrhenius extrapolation, 
the ionic conductivity falls short of these expectations by two to three orders of magnitude 
because the conductivity exhibits a non-Arrhenius conductivity at RT and above [1-3]. This 
non-Arrhenius deviation appears to produce a conductivity maximum of 10 ' (Qcm)1. That 
the conductivity, independent of composition, appears to reach a saturating value of 
~10~2(Qcm)_1 at RT, will have significant implications for the multitude of electrochemical-
energy based devices. It is very important to explore the origins of this non-Arrhenius 
behavior. 
Several researchers have proposed different models to explain the non-Arrhenius 
behavior. Bunde and Maass presume that the non-Arrhenius behavior arises from the silver-
silver ion interaction at relatively high temperatures [4]. Ngai has suggested that his coupling 
model (CM) is able to reproduce this behavior without unknown or indeterminable parameter 
[5]. The underlying theory of the CM is very general, yielding the possibility of widespread 
applicability, but it has not provided a physical picture of the origin of non-Arrhenius 
conductivity. Recently, S. Martin and D. Martin have developed trapping model to explain 
the non-Arrhenius deviation based on Agi + Ag2S + B2S3 + SiSa system [6]. 
The basic idea of this model is that the mobile cations that contribute to ionic 
conduction in these glasses are assumed to hop from open available site to next open 
available site. The open site without any cation in it is defined as a negatively charged trap. 
In this process, mobile ions naturally by-pass unavailable sites and fall into traps under the 
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circumstance that the trap is open and the ion is close enough to be captured by the trap. The 
migration distance between available traps is strongly temperature dependent since the 
fraction of ions that are thermally activated is determined by Boltzmann statistics. This 
model was able to accurately reproduce the non-Arrhenius temperature dependence of the 
conductivity of a series of fast ion conducting glasses [6]. A brief description of this model is 
given in this paper and the detailed explanation can be referred to the work by Martin [6]. 
Kincs and Martin suggested that the non-Arrhenius conductivity at higher 
temperature is ubiquitous in fast ion conducting glasses [3], So far, no investigations of the 
conductivities of Agi + Ag^S + B2S3 + GeSz glasses have been performed. The purpose of 
this work is to investigate if there exist non-Arrhenius behavior in these FIC glasses and if 
the ion trapping model could explain non-Arrhenius behavior in this system. 
4.3. Model [6] 
The ionic nature of conduction in glass has been well known where the electric 
current is carried entirely by ions. The conductivity usually increases with temperature in an 
Arrhenius manner and can be described using the Nemst-Einstein Equation. Ionic conduction 
is the result of thermal hopping of the mobile cations and can be determined using Eq. (4-1) 
The number of carriers that contribute to the conduction is taken from the Boltzman statistics 
and is highly temperature dependent, 
[7], 
a = nefi (4-1) 
( A F ^ 
„(r)=„0exp(--^ (4-2) 
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where no is the number of modifier cations and n(T) is the number of mobile ions that are 
thermally activated, and AEact is the average activation energy. 
The mobility is given by Eq. (4-3) for a particular ion moving with the mean drift 
velocity in an electric field E in x direction, 
XT) = v, (H / & = y, (T) /(gr / ck) (4-3) 
The voltage gradient in the x direction gives rise to the mean drift velocity in the 
same direction as the following equation, (4,4) 
1 / 2m((v0jt + Avmax;t )2 + v0y2 + v0z2 ) = 1 / 2 mv02 + mv0xAvmwx =kT + eMV / dx 
where v0, v0x and Avmax;c are the initial thermal velocity of the mobile cations, the initial 
thermal velocity of the mobile cations in the x direction, and the maximum change in the 
velocity of the mobile cations in the x direction after and before the electrical field is applied. 
X is mean free path length and it is assumed that mobile ions travel over the distance of X 
until some event alter their drift. 
Since the ion motion in every direction is isotropic for glasses, the relationship of v0;c 
and v0 is given by, 
V = = 3v„/ (4-5) 
From Eqs. (4-3) - (4-5), the mobility of mobile ions is given by, 
eX 
l^mkT <4™6) 
The average mean free path X is taken to be the parallel average of the temperature 
dependent mean free path A, and intrinsic trap distance X0 and is given as, 
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1 1 1 
= — + (4-7) 
A(T) J, 4(T) I ^ 
At higher temperature, Al is the dominant factor and can be determined using the ideal gas 
trapping cross-section 7rd2 [8], 
-— = <j27td2n0exp - ^ act (4-8) 
Am kT 
We assume that a moving cation will fall into a trap if the coulombic attraction of the trap is 
greater than the centripetal force of the ion. And the trapping interaction diameter d is thus 
give by, 
e2 d = (4-9) 
The limiting high frequency optical dielectric constant em cannot be determined from 
experiments because these FIC glass are highly conductive even at very low temperature. 
Therefore, the Lorentz-Mossotti relation sx « n1 is used to determine . 
At relatively low temperature, Ax would increase to the unrealistic value of infinity 
and A0 has to be introduced to define the longest mean free path in the glass. It is assumed 
that the intrinsic trapping distance is closely related to Tg since the glass structure is frozen at 
Tg. A0 can be calculated as following, 
-to =(»(r«i"3 (4-10) 
The activation energy barriers in these glasses have a well-defined distribution. And 
we assume a Gaussian distribution can be applied to these glasses based on NMR studies [9], 
Therefore, Eq. (4-2) is rewritten as, 
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„(r)= n0 exp AE a
2 
• + • 




where erfc is the error fonction, AE is the mean value of activation energy and cris the 
standard deviation of the distribution. Then the overall equation for the conductivity of the 
ion trapping model is given by, 
e 2n(T)  1 
o-(T)-
2 J j  m k T  
v 
-  + VÏxd 2n(T)  (4-12) 
We will fit Eq. (4-12) to the d.c. conductivity in Agi + Ag2S + B2S3 + GeSz system 
and to see if the trapping model works well for different FIC glasses. 
To avoid any confusion, the difference between mean free path X and the trap 
distance I should be addressed. It is assumed that the trap distance / is the geometric average 
of the intrinsic trap distance X0 and extrinsic trap distance /,, 
1 1 _J_ J__ 
7"/ ,  "(„(r))  
1 
4/3 +  xn 
(4-13) 
The trap distance is approximately same as the mean free path at low temperature. However, 
the mean free path X is significantly smaller than the trap distance I at elevated temperature 
due to the mobile ion interaction. 
4.4. Experimental 
Starting materials B2S3 is not commercially available and was prepared in our 
laboratory by the stoichiometric reaction of boron and sulfur powder in a carbon coated, 
evacuated silica tube [10]. Appropriate amounts of high-purity Agi (Cerac, Inc. 99.999%), 
Ag2S (Cerac, Inc. 99.9%), B2S3 and GeS2 were mixed and then placed in a covered vitreous 
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carbon crucible and heated for 10 min at 810°C inside a mullite tube lined muffle furnace 
attached hermetically to the side of a high quality oxygen- (< lppm O2) and water-free (< 
2ppm H2O) glove box. Melting at higher temperatures was avoided due to GeSa vaporization. 
The samples were then checked for weight loss and were reheated for an extra five minutes. 
It is found that the weight losses were always less than 3% and typically 2%. The melt was 
poured into a graphite mold at the annealing temperature, Tg-50 °C, allowed to anneal for 
thirty minutes, then cooled at 5 °C/min to room temperature. The glasses were annealed to 
rule out the possibility that annealing during conductivity measurement is a source of non-
Arrhenius behavior. Gold electrode was sputtered on glass sample by gas discharge etching 
of the surface. Typical film thickness was 200-1000 Â. This process produces electrodes of 
high purity and reproducibility. Prior to electrode attachment, the samples must be carefully 
polished. Failure to prepare the surfaces properly results in loss of adhesion or gold diffusion 
when samples are heated during conductivity measurements [11]. Small-size washer was 
used during gold sputtering to increase the cell constant and make the measurement more 
precise. 
Determination of the d.c. conductivity of glasses by d.c. techniques is complicated by 
space charge polarization, a manifestation of the confined motion of ions to the boundaries of 
the glass. Specifically, on application of a d.c. electric field, ions migrate towards and pile up 
on the electrode biased opposite of their charge in a typically short, though temperature 
dependent time frame. The polarization of ions produces an electric field in opposition to the 
applied field which acts to reduce further ionic conduction and therefore reduces the 
measured conductivity far below the true ionic conductivity. Applying an a.c. field at 
frequencies greater than the inverse of the time constant of the space charge polarization 
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process reduces the magnitude of this effect to a secondary level allowing the true 
conductivity of the glass to be accurately determined [12]. 
The impedance spectrometer used in this work was Solartron 1260 Impedance/Gain 
Phase Analyzer. A frequency range of 0.1 Hz to 10 MHz was used with an amplitude of 
0.05V. The conductivity cell was designed to have very good electrical characteristics, such 
as minimal resistance and stray capacitance, -190 °C to 500 °C in one run, and the ability to 
handle air sensitive samples. The cell works by passing helium gas that has good thermal 
conductivity through liquid nitrogen cooled copper coil, through a process tube heater, then 
finally into the sample compartment. The gas is then re-circulated back into the cold copper 
coils [2], Drierite is used in this re-circulation system to avoid water reaction with our 
samples. The sample temperature is controlled by controlling the duty cycle of the tube 
furnace. Helium flow rate of at least 12L/min is applied to obtain stable temperature control 
and avoid oxidation of samples. The impedance of the cell was determined using a lmm-
thick copper bar and subtracted as background from conductivity data to ensure that the non-
Arrhenius behavior is not from the limitation of the impedance of the cell. It is found that the 
impedance of the cell is typically less than 3% of the impedance of the sample. 
4.5. Results 
It is known that ion mobility is related to or dependent upon the structural disorder 
characteristic of the vitreous state. To better understand the non-Arrhenius behaviors of these 
FIC glasses, the structures and the glass transitions of zAgl + (l-z)[0.5Ag2S + O.33B^ + 
O.lVGeSz] system were explored using IR, Raman, DSC and the results are shown in Figure 
(4-l)~Figure (4-3). The densities of these glasses were determined using Archimedes's 
method and are shown in Figure (4-4). The densities and glass transition temperatures can be 
used in best fitting the conductivity data to the Ion Trapping model. 
Figure (4-5) shows the temperature-dependent spectral response of the real part of the 
conductivity of 0.2AgI-doped glass. These spectra are typical of the behavior of these FIC 
glasses. At the lowest temperature -67 °C, the response consists of a low frequency d.c. 
plateau, followed by a region of continuously increasing conductivity at higher frequency, 
the conductivity relaxation region. The d.c. plateau shifts towards higher frequency and d.c. 
conductivity increases with temperature. At relatively high temperature, the dispersion region 
falls out the range of measurements and cannot be observed. The value of the conductivity 
drops below that of the d.c. plateau when the frequency is relatively low (from 10"'~102 Hz). 
In this region, space charge polarization is the major contributor to the impedance and could 
explain this trend. 
A representative impedance plane plot used to determine the d.c. conductivity of 
0.2AgI + 0.8[0.5Ag2S + O.33B2S3 + 0.17GeS2] glass is shown in Figure (4-6). The semicircle 
at high frequency represents the bulk impedance response of the glass while the data to the 
right of the semi-circle is due to the blocking electrode on the sample. The curve through the 
data is the expected response for a parallel resistor-capacitor circuit. Glasses are lossy 
materials where both conduction and polarization of species occur. This behavior can be 
modeled by a parallel resistor-capacitor circuit where the ohmic losses are due to a single 
component resistor and the polarization is due to a capacitor [13]. The resistance 
corresponding to the d.c. conductivity can be determined by the intersection of the 
impedance arc with the Z' axis. It is found that the semi-circle is slightly depressed and it is 
likely from the dielectric relaxation of ions or other kind of relaxation such as contact 
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polarization. As the temperature is increased, the conductivity is also increased, as shown in 
Figure (4-7) and Figure (4-8). It is seen that the bulk response arcs partially disappear with 
increasing temperature and it makes the determination of d.c. conductivity more difficult 
since in some case the arc is completely absent. Then the d.c. conductivity can be 
determined by extrapolating the polarization "spike" in the complex plane [2], 
Figure (4-9) shows the d.c. conductivity data at all temperatures for zAgl + (1-
z)[xAg2S + (1-X)(0.67B2S3 + 0.33GeS2)] with best-fits of Eq.(4-12) through the data shown 
as lines. The values for parameters for best-fit are given in Table (4-1). The limiting high 
frequency optical dielectric constant srJi(&n2) cannot be measured using impedance 
analyzer at high frequency and low temperature because these glasses are very conductive 
and the contribution of the mobile ions cannot be eliminated in the temperature or frequency 
range that we could handle. The best-fit values of index of refraction n were found to be from 
2.2-2.8. They are very reasonable values for these types of glasses although we are not able 
to determine them experimentally. 
The Raman and NMR studies show that Ag2S goes into the GeS2 subnetwork to form 
pyrothiogermanate groups before going to the B2Ss subnetwork in these FIC glasses. It is 
also suggested that [BioSig6"] supertetrahedra exist in these glasses. It would be interesting to 
investigate how would the ratios of boron to germanium affect the temperature dependence 
of conductivities in these glasses. Figure (4-10) shows that the conductivity of the glass with 
B/Ge=2 is obviously greater than that of the glass with B/Ge-4. 
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4.6. Discussion 
4.6.1. Activation Energy 
As shown in Table (4-1), the conduction activation energies for the glasses under this 
study are relatively small compare to other oxide or undoped chalcogenide glasses. 
According to Anderson-Stuart model [14], the activation energy is consist of the coulombic 
energy (AEy) binding an ion to a particular site and the strain energy (AES) required to dilate 
the glass structure to allow an ion to hop from one site to another. The sulfur and iodine 
anions have relatively large radius and this would lead to a lower electrostatic binding energy 
and larger interstitial sites and pathways compared to oxide glasses. Also the network anions 
can be easily deformed to help the cation migration through the glass because they have high 
polarizability. Ag ions have been chosen to be the modifier cations in this system due to the 
high polarizability of Ag+. This high level of electronic deformability arises from the Ag 
ion's completed d electron shell structure (4d10) and contributes to exceptional mobility of 
these carriers [12]. 
According to Table (4-1), it is found that there are discrepancies between the 
activation energy (AE) determined from conductivity data at low temperature regime and the 
best-fit values of activation energy from the trapping model. It seems that the best-fit values 
are consistently higher than that of the AE determined experimentally. Actually, this could be 
explained using the percolation theory of DAE model [15,16]. The basic idea of this theory is 
that d.c. conductivity occurs via ion motion over continuous path of the lowest barrier in the 
glass structure. For this occur, the percolation theory requires a percolation fraction of 
P « 0.30 of low barriers for d.c. conductivity to take place in a cubic lattice where there are 
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six directions for the ion to hop. Applying this to glasses allows obtaining the following 
equation for the percolation fraction. 
/*Ep 
P = i ZmtdE, (4-14) 
Ep is defined as the percolation limit; it is assumed that the ions hopping over large 
barriers are infrequent and do not contribute to the conductivity. Figure (4-11) shows that the 
distribution of activation energy and the mean value and the standard deviation are based on 
the best-fit values from the Ion Trapping model. The activation energy that corresponds to 
the average percolation fraction is defined as the average activation energy of DAE model 
and listed in Table 1 as AEactl. It turns out that the activation energies based on Percolation 
theory agrees well with those determined from conductivity data at low temperature region. 
According to Percolation theory, the percolation fraction varies from 25.7-38.8% depending 
upon the coordination number and lattice type [17]. If P is taken as an adjustable parameter 
in this range, even better agreement between these activation energies can be achieved. We 
could presume that the activation energy determined from the Ion Trapping model is fairly 
reasonable and accurate from these analyses. 
4.6.2. The Mean Free Path A 
Eq. (4-12) can be rewritten as the following, 
<r(D = 6 ^ ( T )  • — = , f  • n (T)  • A(T)  
2 J-mkT — + y/2xd2n(T)) 2 J-mkT 
4, , \3 
(4-15) 
Arrhenius plots typically show the relationship of conductivity to the inverse of the 
temperature on logarithm scale and the first term in the above equation, ^=== won't 
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be a major contributor to the temperature dependence of a. Therefore, concentration of 
mobile carriers n(T) and the mean free path A(T) were plotted in Figure (4-12) in Arrhenius 
manner. It is found that the concentration of mobile ions increases with the temperature 
exponentially and the mean free path starts to drop when temperature is above RT. The 
strong temperature dependence of the mean free path A causes the non-Arrhenius 
conductivity at higher temperature. At lower temperature, the mean free path is determined 
by "frozen-in" intrinsic trap distance from Eq. (4-10) and is independent of temperature. 
Then the mean free path becomes strongly temperature dependent at higher temperature 
because the temperature dependent term Ax is a dominant factor. 
The ion trapping model doesn't give much information about the nature of ion 
hopping processes. Combined with the jump relaxation model (JRM) that proposed by Funke 
[18], we could better understand the variation of the mean free path with temperature. This 
model describes the hopping dynamics of the ions based on the following assumptions: a) the 
mobile ions are all of the same kind; b) there are many more available sites than mobile ions; 
c) the available sites are all of the same kind; d) there is no unique way of optimizing the 
arrangement of the ions. Assumption b) is satisfied in ITM according to Table 2, the 
comparison of trapping interaction diameter d, mean free path A, trap distance I and extrinsic 
trap distance /,. The mobile ions are assumed to stay at some distance from each other 
because there is coulumbic repulsion among them. Suppose that the ion residing at site A 
performs a hop from A to open site B. According to JRM, it would not be energetically 
favorable if the potential well of the site A were deeper than that of the site B. The ion may 
hop back to its original site A or the neighboring ions of site B rearrange by hopping to other 
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sites, thereby lowering the local potential [19]. From the ITM, it is known that a mobile ion 
will fall into a nearby trap if the distance between that ion and the trap is less than the 
trapping interaction diameter d. As shown in Table 2, the trapping interaction diameter d is 
about one order of magnitude greater than the mean free path A, which indicates that a 
specific ion at Trap A would be in the trapping interaction spheres of several other available 
traps. These spheres are heavily overlapped with each other and the overall effect of these 
columbic interactions will make the ion hop into a nearby trap B with a deep potential well or 
hop back to the original trap. The reason is that the columbic interaction is inversely 
proportional to the distance between the positive charged ion and the negative charged trap. 
At higher temperature, the distance between two mobile ions (or the extrinsic trap distance) 
is on the same order of magnitude with the trapping interaction diameter and the repulsion 
among cations is not negligible. It might be argued that a mobile ion with its site in 
equilibrium is neutron since the trap is taken as negative charged. But on time average, there 
always exist a proportion of mobile ions that are during the process of hopping and thereby 
create columbic repulsion to other mobile ions, especially at higher temperature. Thus the 
carriers would encounter a very complex energy landscape that mainly determined by the 
columbic interaction of the traps and other mobile ions. As shown in Table (4-2), trap 
distance decreases with temperature. At elevated temperature, it is assumed that the traps are 
close enough and the trap distance is short enough, that a mobile ion is trapped by the first 
open site. Therefore, the large number of traps at high temperature would reduce the 
efficiency of ion migration and contributes to the non-Arrhenius conductivity. It is also found 
that the mean free path A, is smaller than trap distance / at relatively high temperature because 
a significant proportion of the mobile ions are thermally activated out of its site and hop back 
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to the same site due to the repulsion from other cations. It is thought that these unsuccessful 
hopping events will also contribute to the non-Arrhenius conductivity. In addition, the 
extrinsic trap distance is found to be above 3000 Â at low temperature, according to Table 
(4-2). It is not realistic for mobile ion to travel for a distance of 3000 Â. There has to be some 
intrinsic traps in these glasses. It is very likely the intrinsic traps arise from the defects that 
frozen at the glass transition. 
Figure (4-13) shows the temperature and composition dependence of the mean free 
path for samples of composition zAgl + (l-z)[xAg%S + (I-XXO.67B2S3 + 0.33GeSz)]. 
Compare Figure (4-13) with Figure (4-9), it is found that the deviation of conductivity from 
Arrhenius behavior is mostly from the deviation of the mean free path A. As the amount of 
Agi is increased, the mean free path becomes temperature dependent at relatively low 
temperature and the non-Arrhenius conductivity can be observed at about or even below RT 
for highly Agi doped FIC glasses. And this proves that the annealing effect cannot be a 
source of non-Arrhenius behavior although it would allow more compact packing 
arrangements with a consequent decrease in conductivity [19]. 
4.6.3. Agi Doping Effect 
Figure (4-14) shows that the glass transition temperature decreases while the 
activation energy increases with the addition of Agi for these FIC glasses. The same trends 
have been observed in Lil + LiaS + B2S3 + GeSz and Agi + Ag2S + B2S3 + SiSz system [2, 
10]. The glass transition temperature can be used to indicate the glass network rigidity. The 
decrease of the Tgs reflects the loosening of the entire structure and the reduction of the 
network rigidity [20]. Raman and IR spectra of these glasses have shown that the iodine 
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doesn't go to the network or play the role of glass former anion. But it would make the 
structure more open and enhance the cooperative movement of the chains [21]. According to 
Anderson-Stuart model [14], the activation energy is given as 
^act =AEb +AEs (4-16) 
and the binding energy and strain energy can be taken as, 
2 (4-17) 
AE,=4^rG (4-18) 
where G is the shear modulus of the glass; rD, r and ro are the interstitial window, the mobile 
cation and the non-bridging anion radii, respectively; X is the average jump distance; Z and 
Zo are the number of charges on the mobile cation and the anion; and e is fundamental unit of 
charge. We presume that the doping of the Agi would reduce G and rD and X. It should be 
noticed that this X is different from the mean free path X in our ITM. The binding energy is 
assumed to be decreased by the addition of Agi since it is the energy necessary to dissociate 
an ion from the network. And the dissociation energy is thought to be relatively low since the 
structure is loosened by Agi doping. It seems that the increasing of the conductivity is based 
on the reduction of the network rigidity and the decrease of the Tg. The solution to increasing 
the conductivity while keeping good thermal property of these glasses is to use mix glass 
former. 
A lot of work has been done to chemically optimize FIC glasses by increasing the 
concentration of mobile ions and decreasing the activation energy. It is expected there is a 
upper limit of Agi doping, not only because it increases the crystallization trend, but also 
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because there will be a mobile ion saturation effect. As shown in Figure (4-15) [2,9], the 
increase in conductivity with increasing Agi concentration is more significant when the ionic 
conductivity of the support glass is low (or the modifier concentration is low in support 
glass). In the system under investigation, the support glass is 0.5AgzS + O.33B2S3 + 
O.lYGeSa. We could imagine that this phenomenon would be more dramatic at higher 
temperature. If the Ag ion concentration is designed to be as high as possible, the mobile 
cation-cation repulsion at higher temperature will give rise to the frequent hopping-back 
events and result in the non-Arrhenius conductivity. For oxide or other FIC glasses, the 
activation energy is relatively high or the mobile ion concentration is not enhanced to its 
upper limit. The mobile cation-cation interaction wouldn't be a limiting factor since they are 
far away from each other at all the temperature range that is below Tg. We could explain the 
conductivity or ion migration of these ordinary glasses simply using a well-defined thermal 
activated ion hopping process, ignoring the unsuccessful hopping since the probability of 
these events is very small. 
4.6.4. Effects of the B/Ge Ratio on the Conductivity 
It is found that the conductivity increases with the increasing of GeSz, as shown in 
Figure (4-10). The activation energy of germanium-rich system is slightly lower than that of 
Boron-rich system. NMR studies show that the Distribution of Activation Energy (DAE) of 
silicon sites is higher than that of boron sites in AgzS + B2S3 + SiSa glasses [22]. Liz S + B2S3 
+ GeSz system have been investigated using NMR and it is also found the DAE of Ge sites is 
higher than that of B sites [9]. It is thought that most Ag ions associate with Ge network 
because the potential energy well in Ge network is deeper. But this fact doesn't help us to 
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understand why the conductivity in Ge rich glass is higher than B rich glass since the energy 
barrier for Ag ion hopping is relatively higher in Ge subnetwork. One hypothesis is that the 
increase of GeSa amount would increase the number density of Ag ions. Correspondingly the 
DAE of Ge sites would shift to lower energy and contribute to the increase of the 
conductivity. In addition, the DAE in B sites is relatively low probably because there exist 
[B10S186"] superstructure. On short range or intermediate range order, we would presume that 
this structure has some similar features as crystalline phase AgeBioSig. Some vacancies and 
channels are formed between these groups to help Ag ions migrate. The formation of Ag ion 
pairs or larger aggregates in boron subnetwork has been confirmed using neutron scattering 
technique. 
4.7. Conclusions 
Conductivity measurements of zAgl + (l-z)[xAgiS + (I-XXO.67B2S3 + OJSGeSz)] 
fast ion conducting glasses were performed to explore the non-Arrhenius behavior above 
room temperature. A distinct non-Arrhenius deviation is observed that causes the dc 
conductivity to be lower than the expected values. The deviation becomes more pronounced 
and occurs at lower temperature as the amount of Agi is increased. 
A recently developed model, the Ion Trapping Model, has been used to describe the 
non-Arrhenius conductivity and fit the experimental data. It is found that the model is able to 
accurately reproduce the non-Arrhenius temperature dependence of the conductivity of these 
highly optimized fast ion conducting glasses. The model has only one independently 
adjustable parameter, average activation energy, and it provide a physical picture of the cause 
of non-Arrhenius deviation. According to this model, there are two competing factors that 
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contribute to the temperature dependence of the conductivity. At low temperatures, the 
thermal activation of mobile ions is the dominant factor, therefore increasing the conductivity 
in an Arrhenius manner. At higher temperature, the large number of traps created or the 
reduction of the mean free path dominates, thereby decreasing the non-Arrhenius 
conductivity. It is also found that the conductivity decreases with the increasing of the ratio 
ofB/Ge. 
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4.10. Captions 
Table (4-1). Summary of parameters used to fit data to the conductivity models 
Table (4-2). The comparison of trapping interaction diameter d, mean free path A, trap 
distance / and extrinsic trap distance /, for the glass with composition 
0.2 Agi + 0.8[0.5Ag2S + 0.33B2S3 + 0.17GeS2] 
Figure (4-1). The IR spectra of the Agi doped silver thioborogermanate glasses 
zAgI+(l-z)[0.5Ag2S+0.33B2S3+0.17GeS2] 
Figure (4-2). The Raman spectra of the Agi doped silver thioborogermanate glasses 
zAgI+(l-z)[0.5Ag2S+0.33B2S3+0.17GeS2] 
Figure (4-3). Results of the DSC analysis of zAgI+(l-z)[0.5Ag2S+0.33B2S3+0.17GeS2] 
samples 
Figure (4-4). Plot showing the composition dependence of the densities for glasses of 
composition zAgl + (l-z)[0.5Ag2S + O.33B2S3 + 0.17GeS2] 
Figure (4-5). Plot showing the frequency dependence of the real conductivity for glass of 
composition 0.2 Agi + 0.8[0.5Ag2S + 0.33B2S3 + 0.17GeS2]. The low frequency 
polarization data has been partially removed to facilitate reading 
Figure (4-6). Impedance plane plot at -67 °C illustrating the method used to determine the 
d.c conductivity. 
Figure (4-7). Plot showing the low temperature dependence of the impedance data for glasses 
of composition 0.2 Agi + 0.8[0.5Ag2S + 0.33B2S3 + 0.17GeS2]. 
Figure (4-8). Plot showing the high temperature dependence of the impedance data for 
glasses of composition 0.2 Agi + 0.8[0.5Ag2S + 0.33B2S3 + 0.17GeS2]. 
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Figure (4-9). Temperature dependence of the d.c. conductivity for sample of composition 
zAgl + (l-z)[xAg2S + (I-XXO.67B2S3 + 0.33GeS2)] and fit of the Ion Trapping 
model. Values for parameters for best-fit are given in Table (4-1). 
Figure (4-10). the temperature dependence of conductivity for samples with composition 
0.1 Agi + 0.9[0.5Ag2S + 0.5{yB2S3 + (l-y)GeS2}] and fit of the Ion Trapping 
model. Values for parameters for best-fit are given in Table (4-1). 
Figure (4-11). Plot of the distribution of activation energy for samples with composition 
0.2 Agi + 0.8[0.5Ag2S + O.33B2S3 + 0.17GeS2] and it is based on the best-fit 
values from the Ion Trapping model. 
Figure (4-12). The temperature dependence of the mean free path Â and mobile ion 
concentration n for 0.2AgI + 0.8[0.5Ag2S + 0.5(0.67B2S3 + 0.33GeS2)] sample 
Figure (4-13). The temperature and composition dependence of the mean free path for 
samples of composition zAgl + (l-z)[xAg2$ + (I-XXO.67B2S3 + 0.33GeS2)] 
Figure (4-14). The composition dependence of Tg and activation energy for glasses of 
composition zAgl + (l-z)[xAg2S + (I-XXO.67B2S3 + O.33GeS2)] 
Figure (4-15). The composition dependence of conductivity at room temperature for halide 
doping FIC glasses 
Figure (4-16). Plot of the distribution of activation energy of B and Si subnetwork for 
0.525Ag2S +0.475[0.5B2S3 + 0.5SiS2] [22] 
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Table (4-1) 
z Agi x AgzS B:Ge AZL, AJL,, G h n 
(kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (Â) 
(LT From (atTg) 
region) DAE 
0 0.4 4:1 33.70 35.21 38.45 2.78 32.5 2.3 
0 0.5 4:1 31.01 31.23 34.44 2.78 26.6 2.2 
0.1 0.5 4:1 28.31 29.01 31.95 2.53 31.3 2.4 
0.2 0.5 4:1 24.71 25.25 28.50 2.78 26.2 2.2 
0.3 0.5 4:1 18.93 20.13 23.70 3.08 19.1 2.3 
0.1 0.5 2:1 24.31 25.70 28.55 2.45 25.1 2.8 
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Table (4-2) 
T(K) Trapping interaction Mean free path A Trap Extrinsic trap 
diameter d (A) distance / distance /, 
(A) (A) (A) 
150 222 26.1 26.0 3581 
250 134 25.6 24.0 2895 
350 96 19.3 20.3 91 
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zAgl + (1-z)[xAg S + (1-x)(0.67B S + 0.33GeS )] 
O z=0.3, x=0.5 
z-0.2, x=0.5 
o z=0.1, x=0.5 
• z=0, x=0.5 
V z=0, x=0.4 
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Figure (4-11) 
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0.2Agl + 0.8[0.5Ag2S + 0.33B2S3 + 0.17GeS2] 
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(1-z)[ 0.55LiS2 + 0.45(0.5B2S3 + 0.5GeS2)] 
-O- (1-z)[0-525Ag2S + 0.475(0.56^ + 0.5SiS2)] 
-A- (1-z)[0.5Ag S + 0.5(0.676 S + 0.33SiSJ] 
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Figure (4-15) 
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Figure (4-16) 
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5. GENERAL CONCLUSION 
5.1. General Discussion 
The driving force of this investigation was that fast ion conducting materials have a 
potential in applications as electrolytes in fuel cells. For such applications, high ionic 
conductivity is desirable coupled with good chemical and thermal stability. The non-
Arrhenius temperature dependence to the ionic conductivity is a limiting factor for the ionic 
conductivity thus limiting the potential applicability of these materials. The structures of 
these FIC glasses have been investigated to explore the origin of this non-Arrhenius 
behavior. It suggests that Ion Trapping Model could explain the cause of the non-Arrhenius 
deviation. 
In Chapter 2, the glass forming range of the ternary Ag2S + B2S3 + GeS? system was 
investigated and a limited range of glasses were found in the high Ag2S content region. B2S3 
+ Ge$2 binary glasses could be formed over full range of compositions. The glass transition 
temperatures of Ag2$ + B2S3 + GeS2 glasses vary in the range of 350-375°C and the addition 
of mixed glass formers in the chalcogenide glasses improves the glass transition temperature. 
Raman and IR studies show that there exist 6-membered rings, B3(3) and B4 groups in the 
binary Ag2S + B2S3 system glasses. The vibration spectra of Ag2$ + GeS2 glasses indicate 
the presence of metathiogermanate GeS2/2S22" and GeS^/2 groups. There exist corner-sharing 
and edge-sharing GeS4/2 tetrahedra, 6-membered ring, B-S-Ge and B3(0) groups in the B2S3 + 
GeSa glasses. The IR and Raman spectra show that there are Ge$4/2, BS4/2, 
metathiogermanate, 6-membered ring in Ag2S + B2S3 + GeS; ternary glasses. 
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Chapter 3 explored the short-range order structure involving mobile ions in these FIC 
glasses using Neutron Scattering. By studying two compositions at low and Room 
temperature, we are able to determine the bond distance and coordination number for Ge-S, 
Ag-S and Ag-Ag correlations. Combined with the IR, NMR and XRD data of these glasses 
or corresponding crystalline phase, the basic structures of these glasses are obtained. It is 
found that the Ag%S + B2S3 + GeSa glasses are composed of a B2S3 network containing 
[B10S186"] superstructure and an over-doped GeS^z network. The existence of boron 
superstructure contributes to the high mobility and conductivity of Ag ions. The temperature 
and composition dependence of Ag-Ag correlation supports that Ag ion interaction is a factor 
that cannot be ignored at relatively high temperature and could explain the origin of the non-
Arrhenius behavior. 
In Chapter 4, ion trapping model is applies to explain the non-Arrhenius temperature 
dependence to the ionic conductivity. A distinct non-Arrhenius deviation of FIC glasses is 
observed that causes the dc conductivity to be lower than the expected values. The deviation 
becomes more pronounced and occurs at lower temperature as the amount of Agi is 
increased. It is found that the model is able to accurately reproduce the non-Arrhenius 
temperature dependence of the conductivity of these highly optimized FIC glasses. The 
model has only one truly independently adjustable parameter and it provide a physical 
picture of the cause of non-Arrhenius deviation. 
5.2. Recommendations for Future Research 
X-ray scattering investigations of thioborate containing alkali have suggested that the 
metal ions are not randomly distributed throughout the glass structure. Instead, metal ions 
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occupy characteristic positions related to the anionic sites offered by the boron-sulfur 
superstructural units. This leads to the formation of metal ion pairs or larger aggregates in 
glasses where the closest metal-metal distance was found to be very similar to that in 
corresponding crystalline compounds. It is very important to confirm that the glass structure 
is somewhat similar to the corresponding crystalline phase. XRD should be used to determine 
the structure of these materials after they crystallized by heat treatment. 
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